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PREFACE

Urban areas represent one of the most challenging environments for 
atmospheric research. The complex three-dimensional structure of the 
city, combined with the mixture of surface types with contrasting 
radiative, thermal and moisture characteristics, make the application of 
standard measurements and models difficult. Instrumentation and theory 
are often tested to their limits. However, it is critical that they are. Today, 
approximately 50% of the world’s population live in urban areas and this 
fraction is increasing. Further, cities across the world are the primary 
sources of greenhouse gases and industrial pollutants and the locus of 
consumption of most global resources. Consequently, there are compelling 
practical issues relating to human health and well being and long-term 
environmental sustainability, in addition to challenging scientific questions 
to be addressed. The aim of the International Conferences on Urban 
Climate is to provide a forum where researchers from across the world 
come together to discuss current and future research.

The Sixth International Conference on Urban Climate (ICUC6), held in 
Göteborg Sweden from 12-16 June 2006, has attracted ~300 participants 
from more than 40 countries to present and discuss current research in 
urban climatology. This preprint volume includes the text of many of the 
presentations. The preprint contributions have not been refereed or 
edited. The research presented covers a wide spectrum of urban climate 
issues, at a range of spatial and temporal scales, employing a broad suite 
of methodological approaches, reflecting the broad scope of urban climate 
research today.

The program committee would like to thank the Local Organizing 
Committee for their invaluable work in the planning of the conference, 
preparation of this volume, and other organizational aspects of ICUC6. 
Also, we would like to thank the sponsors of the event, in particular the 
WMO. Finally, we extend our appreciation to all the paper contributors and 
attendees, without whom there would be no conference.

Sue Grimmond, London
Sven Lindqvist, Göteborg
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Abstract 
 
The  urban population of arid regions is growing, and desert cities provide climatologists with circumstances that 
can be qualitatively different from those encountered in more temperate environs.   These climatic distinctions are 
expressed in the balance of heat and moisture between a dry atmosphere and an urbanized terrain, and they are 
also experienced by city dwellers in urban outdoor spaces.  But while deserts are characterized by harsh thermal 
extremes, they also present unique opportunities for microclimatic enhancement. This potential has motivated a 
series of urban climate studies in the arid Negev region of southern Israel, where an innovative modeling 
approach – using an open-air, scaled urban array – was developed to evaluate the effects of physical features in 
arid cities on local climate and human comfort. 
 
Key words: arid regions, human comfort, scale-modeling 
 
 
1. INTRODUCTION  
 
Although about one third of the earth’s land surface is covered by desert, arid regions have not often been the 
focus of urban climate research.  Deserts tend to be sparsely populated, and the majority of major cities are 
indeed located in more temperate climatic zones. In recent decades, however, this balance has been shifting: the 
population of “drylands,” which encompass not only deserts but also adjacent areas threatened by desertification, 
constitutes over a third of humanity – and trends indicate that within a decade the majority of this population will 
be living in cities (Millenium Ecosystem Assessment, 2005). 

Sustaining an acceptable quality of life for this growing population may depend to a critical extent on our 
understanding of the climatic modifications induced by urbanization in these regions, which may be qualitatively 
different from non-arid environments. 

• Aridity may be defined by a low ratio of precipitation to potential evapotranspiration.  Characteristic threshold 
values of P/PET are 0.2-0.5 for semi-arid, 0.03-0.2 for arid, and below this for hyper-arid regions (Bruins and 
Berliner, 1998).  Low atmospheric humidity and a scarcity of moisture are most often reflected in sparse 
vegetation, which substantially changes the characteristics of the natural terrain surrounding desert cities, 
with high albedo, strong winds, unstable or encrusted soils and frequent sand or dust storms typical.  

• Atmospheric conditions in most deserts are dominated by clear skies and intense radiative exchanges.  
Especially high solar inputs by day and long-wave radiant losses at night contribute to a pattern of thermal 
extremes over the daily and seasonal cycles.  

From an urban energy balance point of view, the proportion of surface heat loss due to evaporation may be 
especially low in desert cities.  In the desert city of Mexicali, the latent heat loss component was found by Garcia-
Cueto et al. (2003) to account for only slightly over 10% of the net radiation income, and this component was 
found to be less than 5% by Oke et al. (1999) in Mexico City (though in the latter case, this is due more to the 
absence of vegetation and moisture sources within the large city center than to the aridity of the regional climate).  
This may be compared with a daytime range of 25-35% typically recorded for North American cities, including 
desert cities such as Tucson where urban landscape irrigation results in a significant level of evaporation 
(Grimmond and Oke, 1999). 

In a dry desert terrain, cities may in fact be more highly vegetated their surroundings – reversing the typical urban 
scenario in which a relative lack of transpiring vegetation and available moisture, as well as soil “waterproofing,” 
are counted among the causes of the urban heat island (UHI).  Evidence for the type of ‘cool island’ effect which 
this might cause is not abundant, though studies in the American southwest (Brazel et al., 2003) and in the middle 
east (Nasrallah et al., 1990) have provided in-depth analyses of the heat island characteristics in arid-zone cities. 
These studies have shown that local-scale features – especially involving vegetation density and water bodies -  
can significantly modify the structure and timing of the UHI.  

From the point of view of an urban inhabitant, the special attributes of an arid environment have added 
significance. Due to the high intensity of solar radiation and high daytime temperatures, thermal comfort 
conditions within the urban canopy may be uncharacteristically harsh.  But given the low humidity, sharp diurnal 
temperature fluctuations, and frequency of strong winds, they may also be uncharacteristic in their potential for 
improvement through responsive urban design.   
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It is this possibility – of creating ‘cool islands’ which are expressed in terms of overall pedestrian thermal comfort, 
rather than in terms of temperature alone, which has motivated a series of studies in the arid Negev region of 
southern Israel.  The premise for these investigations is that by easing harsh outdoor conditions, it is possible to 
make streets more amenable for pedestrians.  This would not only improve the quality of the urban environment in 
arid regions, but could also contribute indirectly to environmental quality in a larger sense, by lessening the ever-
increasing dependence on energy-intensive air conditioned vehicles and interior spaces. 
 
2. URBAN CLIMATE STUDIES IN THE NEGEV DESERT   
 
Research in the arid Negev region of southern Israel was initiated with the aim of developing a predictive model 
for comparing different urban design options (i.e. street proportions and orientation) in terms of their microclimatic 
“quality” – as expressed by the level of thermal comfort which the space could be expected to provide. 

The integrated effect of urban geometry on pedestrian thermal comfort in the Negev was first examined in a 
residential area composed of low-rise, high-density row house buildings with a grid of narrow pedestrian streets 
dividing the rows (Pearlmutter et al., 1999). Measurements showed that air temperature within the narrow 
pedestrian streets is systematically higher than that of the surroundings during the peak hours of a summer day, 
and wind speed is systematically reduced. At the same time, however, it was found that a pedestrian absorbs less 
overall energy in a compact street canyon than when standing in the open. This is naturally a function of direct 
shading from the intense desert sun, though contributing factors include reductions in diffuse radiation from the 
sky and in long-wave radiation emitted from paved surfaces.  Only at night, when thermal discomfort is less of a 
concern, was relative warming observed due to restricted air flow and radiant cooling. 

This case study thus provided a particular illustration of climatic modification in a dense urban fabric under arid 
conditions – but it also highlighted some common methodological limitations. The complexity of most urban 
settings makes it impractical to compare systematic variations in urban features such as street canyon geometry, 
while existing models that are able to resolve such micro-scale features generally rely on simplified 
representations of the surface-atmosphere interface. Physical hardware modeling is still considered a valuable 
tool for characterizing the effects of detailed urban features, but when used under laboratory conditions cannot 
simulate the full range of environmental energy exchanges. 

These limitations were addressed in the development of an open-air hardware modeling approach that allows for 
the quantification of energy fluxes under actual climatic conditions, with the flexibility to modify physical urban 
features such as canyon geometry. The model uses concrete block rows set on compacted soil at an open site in 
the Negev Highlands (30oN, 475-m elevation), and has two distinct parts (Fig. 1a). The upwind section of the 
model is a regular array of block rows, uniform in their height and spacing, whose linear axes are aligned 
perpendicular to the prevailing northwesterly wind.  This array provided sufficient fetch for the generation of an 
inertial sub-layer (ISL) above the scaled canopy in which surface-atmosphere energy fluxes could be measured.  
Downwind of this regular array is the central part of the scale-model, consisting of “street canyons” which vary in 
their local geometry and within which microclimatic measurements were taken.  Each street canyon is defined in 
section by its vertical (concrete block) wall facets, and horizontal (compacted soil) ground facet.  

The hardware model was used to quantify urban energy exchanges at two levels: a) in the ISL above the regular 
array, for characterizing both the surface energy budget and the “reference” conditions against which canopy-
layer variations are compared, and b) within the urban canopy layer (UCL) in scaled street canyons of varying 
geometry, for quantifying exchanges between a pedestrian and the micro-scale urban environment. The relative 
proportions and diurnal patterns of overall urban surface fluxes measured above the scaled array were found to 
be highly representative of those observed above actual cities (Pearlmutter et al., 2005), indicating that the scale-

Fig. 1.  (a) Experimental layout showing the upwind roughness array and area of local street canyons, including 
location of measurements; and (b) schematic section of urban surface showing energy-exchange components 
used in the predictive model. 

 (a)  (b) 
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model is capable of reproducing thermodynamic processes which are analogous to those occurring at full-scale. 
For local variations in street canyon geometry, model configurations compared included H/W ratios of 0.33, 0.66, 
1.0 and 2.0, and for each sectional proportion, street axis orientations included north-south (N-S), east-west 
(E-W) northwest-southeast (PARAL) and northeast-southwest (PERP), the latter pair representing canyons 
whose axes are parallel and perpendicular, respectively, to the prevailing northwesterly wind.   

Data measured in the physical model were used both directly, and indirectly through empirical correlations, to 
calculate the radiative and convective energy balance in W m-2  of a cylindrical body representing a pedestrian in 
the street (Pearlmutter et al., 2006).  The exposure of a pedestrian to direct Kdir and diffuse Kdif  short-wave 
radiation, as well as long-wave sky radiation Ld, may be readily calculated from measured climatic data at a given 
urban site if the geometry of a planned space is known. However reflected radiation based on facet albedo αf Kf 
and long-wave radiation based on facet surface temperature Lf, as well as convection based on air temperature 
and wind speed hc∆T, are considered unknown (Fig. 1b). In the predictive model these fluxes are therefore 
estimated from empirical correlations with ISL data, based on scale-model measurements. It was found that this 
semi-empirical model provides accurate predictions of overall pedestrian energy exchange, and in this way 
making a reliable form of “linkage” between the urban canopy and boundary-layer climate. 

The prediction of pedestrian energy exchange was refined using a bio-meteorological comfort model, the Index of 
Thermal Stress (Givoni, 1976), which expresses (in total Watts) the equivalent latent heat of sweat required to 
maintain equilibrium by evaporative cooling under warm conditions, for given radiative and convective loads and 
atmospheric humidity. It also allows for a correlation between physiological energy exchange and thermal 
sensation, a more direct expression of comfort. Figure 2a summarizes the hourly pedestrian heat stress (by 
thermal sensation category) generated in streets of varying orientation and sectional geometry. In Fig. 2b, these 
incremental levels of discomfort are expressed in a Discomfort Index which accounts for both the duration and 
severity of thermal stress over a summer day. 

The pattern that emerges from this distilled picture shows that the microclimatic benefit of “compactness,” as 
expressed by a high canyon aspect ratio, is increasingly pronounced as axis orientation approaches north-south.  
In a street aligned N-S, obstruction of direct radiation is the dominant microclimatic force differentiating one 
aspect ratio from another, and a high ratio produces ample shading of both the body and adjacent surfaces during 
nearly all daytime hours.  At stake for a pedestrian is the difference between compact urban streets that are 
largely comfortable for most of the day, and highly exposed spaces which are moderately to severely 
uncomfortable throughout the daytime hours. Though less pronounced, the influence of a compact geometry is 
also felt in streets whose orientation deviates by up to 45 degrees in one direction or the other form N-S. It is in 
these “diagonal” streets that the effects of ventilation are most clearly observed, with the canyon aligned parallel 
to the prevailing northwesterly wind benefiting from less severe discomfort. In a street aligned along an east-west 
axis, however, the ultimate effect of aspect ratio alone on thermal comfort is negligible.  

While the basic relationship between compact and “open” streets is reversed at night (when a constricted Sky 
View Factor substantially reduces both radiative and convective losses), conditions in all streets during these 
hours are in the “comfortable” range, regardless of geometry.  In this way the rapid nocturnal cooling experienced 
in a desert environment presents an opportunity to ameliorate the periods of most intense discomfort, by taking 
advantage of cooler conditions at night. 

The mechanism by which a compact urban geometry serves to protect pedestrians from thermal stress at critical 
hours may be described in terms of energy interception, storage and delay.  Urban surface energy balance 
calculations using measured data from the open-air scale model (Pearlmutter et al., 2005) showed that deeper 
canyons do indeed serve as radiation traps, and increase daytime heat storage within the urban fabric.  However, 
this increased heat intake occurs largely because solar radiation is intercepted by built surfaces rather than 
people – and  on balance this leads to enhanced pedestrian comfort, as indicated by the modeling of pedestrian 

Fig. 2. (a) Summary of thermal stress on a summer day for different canyon geometries, by thermal sensation 
category, and (b) weighted index expressing extent and severity of daily discomfort by canyon geometry. 
 

(a)  (b) 
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energy exchange (Pearlmutter et al., 2006) and substantiated by the semi-empirical model in terms of 
physiological stress.  The ultimate enhancement of comfort is contingent on the fact that surplus daytime energy 
absorbed in a compact configuration is released from storage later in the day, when ambient air is considerably 
cooler.  The efficiency of such a thermal time-lag mechanism is dependent, of course, on the heat storage 
capacity, or thermal “inertia” of the building fabric.  Just as internal thermal mass has often been described as an 
essential ingredient for indoor passive climatization of buildings in arid regions, it may be reasoned that “external 
mass” is a required element in urban design strategies which seek to moderate outdoor thermal stress through 
compact street geometry.  

It should be emphasized that many arid regions also experience harsh conditions in winter, though low 
temperatures may be accompanied by a high proportion of clear days and abundant solar radiation. Additional 
data from the Negev studies have shown that in winter, the dominant microclimatic variable affecting thermal 
comfort is the attenuation of chilling winds.  In addition, though, it was found that an east-west street of compact 
proportions can result in excessive overall pedestrian heat loss due to overshadowing, whereas this heat loss (at 
least in mid-day) is dramatically reduced in a N-S street of the same proportions, which is open to the south.  (A 
more direct argument against compact E-W streets is the overshadowing of south-facing building elements which 
can benefit from solar exposure for passive or active heating). When taken together, these findings from the 
summer and winter seasons highlight the potential advantages of a climatically “selective” urban fabric – in which 
compact north-south streets and less-constricted east-west streets may be combined for the enhancement of 
pedestrian comfort as well as energy efficiency in desert cities. 

3. CHALLENGES FOR ONGOING RESEARCH  

Among the many avenues for possible future investigation, there are several issues that build naturally upon on 
the findings to date. Beyond the basic descriptors of aspect ratio and orientation, additional features of urban form 
should be analyzed (asymmetrical canyons, changing pedestrian locations, irregular building height, non-
rectilinear roof shapes, etc.), along with variations in material properties (the modifying influence of facet albedo 
was evaluated in general terms and found to be minor). 

The analysis of evaporative effects from irrigated landscaping, both in adjacent spaces and those farther 
downwind, remains a significant challenge. The meso-scale impact of urban features is critical for understanding 
the development of heat islands and for properly describing urban surfaces in atmospheric models, and micro-
scale variations within urban spaces have practical significance for outdoor comfort. The influence of urban 
design also extends to individual buildings, with serious implications for interior comfort and energy consumption. 

Ultimately, the physical data produced by urban climatology must be gauged in terms of its relevance to human 
needs and preferences.  In-depth analyses of behavioral responses to microclimate are thus essential for 
validating theoretical comfort models, though such validation has so far proved elusive. 
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Abstract  

Previous measurements of urban energy balances have been mostly restricted to densely built up, central city sites and older 
suburban locations with mature tree canopies that are generally higher than the height of the buildings. Consequently, few data 
are available for the extensive open vegetated types typical of low-density residential areas newly converted from rural land 
use. This paper discusses the results of measurements of energy balance fluxes for a low-density residential area at 
Greenwood, a suburb of Kansas City, conducted in August 2004. Ensemble diurnal patterns and ratio of fluxes for cloudy and 
near clear sky conditions are presented and discussed. 
 
Key words:  Surface energy fluxes, Eddy covariance,  Suburban micrometeorology 

 

1. Introduction  

Rapid urbanization is a prime example of human-induced phenomena that can have significant impact on people, the 
environment, and regional resources. As cities continue to grow, urban sprawl creates unique challenges related to land use 
planning, ecological structure, pollution, biodiversity, and water, and energy flow within cities and in the surrounding areas. 
Changing LU/LC in and around major metropolitan areas is now recognized as an important driver of environmental change in 
the United States. As part of our continuing effort to develop an integrated approach for urban climate impact studies, we 
carried out an urban micro-meteorological measurement experiment (Kansas City Urban Heat and Moisture Flux Measurement 
Experiment: KC-FLUXMEX) in Kansas City during summer/early fall of 2004 (Adegoke et al. 2006). The aim of the campaign 
was to understand the controls on sensible heat, latent heat and momentum exchanges at various locations within the Kansas 
City urban land-cover mosaic. In this paper we report the findings at Greenwood, a suburban location recently converted from 
farmland to a low-density residential area.   

 
2. Site characteristics, measurements and analysis  
 
Greenwood (population~ 5348, 38o 50’ 34” N, 94o 20’ 59” W, 319 m above mean sea level) is a small town at the outskirt of 
Kansas City, which has grown to include several suburban housing developments within the last decade. Greenwood is part of 
greater Kansas City, which has experienced tremendous growth in the last two decades. The site selected for locating the 32.6 
m instrumented mast (Fig 1a) is a new residential area of predominantly detached two-level single-family dwellings with 
extensive luxuriant grass lawns and one to two young trees in front and behind the houses. The trees are typically lower in 
height compared to the houses, with a few shooting just above the roof of the houses (Fig. 1b). The Greenwood site is 
representative of the urban climate zone (UCZ) type 5 in the recent simplified classification of urban forms (Oke, 2004). The 
tower was located on an open grass yard lawn of a property in one of the residential subdivisions, approximately 35 m from the 
main building. This neighborhood consists of rows of virtually identical single story buildings running along straight E-W and N-S 
streets, about 20 – 35 m apart. The mean height of the buildings (zHb) is about 6.9 m and of the trees about 5.8 m, giving an 
approximate roughness and zero displacement lengths of 0.69 m and 4.83 m respectively (Grimmond and Oke 1999). The 
tower was approximately 30 m from the houses. The fractional land cover of the three-dimensional surface at this suburban site 
is approximately 48% vegetated, 30% roofs, 12 % walls, and 10 % impervious ground such as roads, sidewalks, parking lots 
and driveways. Instruments were mounted on a guyed 32.6 m US Tower Corporation model MTU-07MDPLHD triple axle nested 
mobile mast, with a 2.0 m extension (making our measurement height, zm, 34.6 m at full extension). 

   
A sonic anemometer (Campbell Scientific, CSAT3) and krypton hygrometer (Campbell Scientific, KH20) were mounted on 
booms extending approximately 1.2 m from the top of the tower, oriented southwestward (225o in the direction of the most 
densely built area and ,presumably, longest fetch). In addition, a net radiometer (REBS Q7-1); T/RH sensor (Vaisala, HMP45C); 
wind speed and direction sensor (RM Young, 03101-L); an albedometer (2 opposite pyranometers, Kipp and Zonen, SP-Lite-L); 
and infrared thermometer to measure surface temperature were installed. Dry and wet bulb temperatures, atmospheric 
pressure and precipitation were also measured. Instruments were mounted to ensure that they had minimal interference from 
the tower. All data were logged on a Campbell Scientific CR5000 data logger kept in an enclosure attached to the tower and 
downloaded with a laptop computer. The system was powered by two solar panels backed by a deep cycle marine battery. 
Measurements were made from August 1 (213) to August 17 (220), 2004. Weather during the study period was relatively mild 
and wet. Maximum temperature recorded during this period was 30.8° C while the 24-hour average tempera ture was 23.7° C. 
The turbulent fluxes (QH and QE) were measured using the eddy-covariance (EC) technique. Data analysis and quality control 
procedures after Foken and Wichura, 1996 and Foken et al., 2004 were used to process the turbulence data, using the 
University of Bayreuth turbulence flux data processing software, Turbulenzknecht 2 (Tk2). Since only the net all-wave radiation 
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and turbulent fluxes were measured directly, the storage heat flux was calculated as a residual, assuming both horizontal 
advection and the anthropogenic heat flux were negligible. 
 

  
(a)                  (b) 
Fig. 1. The measurement mast at full extension (a) and the view of the Greenwood suburban site, west of the measurement 
mask (b). 
 
3. Results and Discussion 
 
A summary of the mean summertime suburban surface energy fluxes at Greenwood is given in Table. 1 for the measurement 
period. The data presented are the mean for daytime (hours when Rn > 0), and daily (24 hour) periods for the cloudy and near 
clear sky conditions observed. In addition, five ratios are also given in the table: the three fluxes normalized by the net radiation 
(γ=QH/Rn, χ= QE/Rn and Λ= ∆Qs/Rn); Bowen ratio (β= QH/QE ); and ratio of the sensible heat flux to the atmosphere and 
substrate (κ = QH/∆Qs).  
 

 Energy Fluxes W/m2 .            Ratios            . 
n Rn QH QE ∆Qs β γ   χ Λ κ 

Daytime-cloudy sky conditions (Rn > 0) 
 
26 

 
253.45 
 

 
55.77 
 

 
120.44 
 

 
79.28 
 

 
0.46 
 

 
0.22 
 

 
0.47 
 

 
0.31 

 
0.70 
 

Daily-cloudy sky conditions (24 hours) 
 
240 

 
113.50 
 

 
25.94 
 

 
65.84 

 
22.81 
 

 
0.39 
 

 
0.23 
 

 
0.58 
 

 
0.20 
 

 
1.14 

Daytime-near clear sky conditions (Rn > 0) 
 
26 

 
368.07 
 

 
90.57 
 

 
172.18 
 

 
105.32 
 

 
0.53 
 

 
0.25 
 

 
0.47 
 

 
0.29 
 

 
0.86 
 

Daily-near clear sky conditions (24 hours) 
 
288 

 
171.61 
 

 
43.85 
 

 
94.13 
 

 
33.63 
 

 
0.47 
 

 
0.26 
 

 
0.55 

 
0.20 
 

 
1.30 
 

 
Table.1. Daytime (Rn > 0 W/m2) and daily (24 hours) mean energy fluxes and ratios for cloudy and near clear sky conditions. 
Daytime n is the number of 30-minute blocks used within each day that (Rn > 0 W/m2); Daily n is the total number of 30-minute 
blocks analyzed 
 
3.1 Net Radiation 
The diurnal course of the net all wave radiation under both cloudy and near clear sky conditions exhibited similar patterns for 
days falling under the two conditions, except for the 8th and 13th of August when the sky was overcast for some time of the day 
(Fig. 2). Maximum net radiation values for these two days was 475 and 470 W m – 2, respectively and maximum for the other 
days was between 640 - 680 W m – 2.  Net radiation increased rapidly from dawn (-34 and -58 W m – 2 during the night for 
cloudy and near clear sky conditions respectively) to reach maximum around midday. The depletion of the net radiation was 
about 30% compared to near clear sky conditions. Mean daytime values are 253.45 and 368.07 W m – 2, respectively for the 
cloudy and near clear sky conditions. Mean daily values were 113.5 for cloudy and 144 W m – 2 for near clear sky conditions, 
respectively (Table.1).  
 
3.2 Latent and Sensible Heat Fluxes 
The absolute magnitude of the daytime latent heat flux is remarkably similar for the cloudy and near clear days, except for days 
preceding heavy rainfall (Fig. 2). The mean ensemble daytime (Rn > 0) values reached a maximum of 213 W m – 2 at 1400 
hours for the cloudy and 291 W m – 2  for near clear sky conditions respectively (Fig. 2).  Mean daytime values were 120.44 and 
172.18 W m – 2, respectively for the cloudy and near clear sky conditions, also the mean daily values were 65.84 and 94.13 W 
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m – 2, respectively (Table.1). The maximum daily sensible heat flux occurs at the same time as the net radiation (1400 hours) 
and exhibits the same pattern as the latent heat flux (Fig. 2), for both cloudy and near clear sky conditions. The mean ensemble 
daytime (Rn > 0) values reached a maximum of 109 and 172 W m – 2 at around 1400 hours for the cloudy and near clear sky 
conditions respectively (Fig. 3).  Sensible heat fluxes at the Greenwood site were observed to be consistently negative at night, 
a notable difference from observations from fully urbanized sites (Grimmond and Oke 2002). This site is dominated by well 
watered luxuriant grass lawns, so this result is not unexpected and is consistent with observations at other suburban areas with 
large amounts of vegetation (Grimmond et al., 2004). Mean daytime sensible heat flux were 55.77 W m – 2 for cloudy and 90.57 
W m – 2 for near clear sky conditions, respectively. The corresponding mean daily values were 25.94 and 43.85 W m – 2, 
respectively (Table.1).  
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Fig. 2: Diurnal Variation of net radiation and convective fluxes (a), daily rainfall totals for August 2004 (b) and net radiation and 
heat storage for 11th - 17th Aug, 2004. 
 
3.3 Bowen Ratio 
We also examined the relative partitioning of the turbulent convective fluxes, the Bowen ratio (β). It should be noted that   β is 
often unstable when it is the ratio of two small values, as is common at night and during sunrise and sunset transition periods. 
The mean daytime β values are 0.46 and 0.53, respectively for the cloudy and near clear sky conditions, also the mean daily 
values are 0.39 and 0.47, respectively for the cloudy and near clear sky conditions (Table.1). The influence of water availability 
from the frequent rainfall during the measurement period is obvious here. The mean ensemble daytime (Rn > 0) values reached 
a maximum of 180 and 231 W m – 2 at 1230 and 1300 hours for the cloudy and near clear sky conditions respectively (Fig. 3).   
High instantaneous values above 350 W m – 2 were also observed on near clear days with short-lived cloud events (Fig. 3). 
Mean daytime values were 79.28 W m – 2 for cloudy and 105.32 W m – 2 for near clear sky conditions, respectively. The 
corresponding mean daily values were 22.81 W m – 2 and 33.63 W m – 2, respectively. During cloudy sky conditions, ∆Qs 
absorbed 31% (daytime) and 20% (daily) of the net radiation, respectively. Similarly, average absorbed net radiation for near 
clear sky conditions were 29% (daytime) and 20% (daily), respectively (Table. 1). These measurements are consistent with 
values reported for other mid-latitude residential areas (Grimmond and Oke, 2002).  
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Fig.3. Diurnal variation of ensemble energy balance for cloudy (a) and near clear (b) sky conditions. 
 
4. Conclusion 
 
The results of the first measurements of energy balance fluxes at Greenwood a suburb of Kansas City, during August 2004 are 
presented. Energy partitioning was dominated by latent heat under both cloudy and near clear sky conditions, the mean 
daytime and daily Bowen ratio values are 0.46 and 0.53, and 0.39 and 0.47 respectively for the cloudy and near clear sky 
conditions. The influence of water availability from the frequent rainfall during the measurement period is obvious. Under cloudy 
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conditions the mean ensemble maximum values of the net radiation (Rn), latent heat (QE) and sensible heat (QH)  fluxes were 
480 W m – 2, 213 W m – 2 , and 109 W m – 2 . The corresponding values for near clear sky conditions were 660 W m – 2, 291 W m 
– 2, and 172 W m – 2 respectively. These observed Rn and QE values are higher than the values reported for some suburban 
areas with high summer evapotranspiration rates in North America. QE, QH, and ∆Qs absorbed between 47 – 58%, 22 – 26% 
and 20 – 31% of Rn for all sky conditions (cloudy and near clear sky) and time (daytime and daily) averages, respectively. Also 
the nocturnal release of heat from storage is equal to or larger than the net radiation and sufficient to maintain a week upward 
latent heat flux throughout most nights and appears to be assisted by advection. 
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Abstract 
 
In this study we present the dissimilarity on the vertical profiles and turbulent transfer processes of heat, water 
vapor, and carbon dioxide (hereafter CO2) over a residential canopy in Tokyo, Japan. The results were derived 
from the field measurements of the vertical profiles, fluxes, and turbulent statistics of scalar concentrations, which 
were conducted using a 29m-height tower in a residential area (the mean height of canopy is 7.3 m). 
Key words: Vertical profile, Urban canopy layer, Turbulent exchange 
 
 
1. INTRODUCTION  
 
Information on the vertical profile and turbulent transfer process of scalar concentration within and above urban 
canopies is important for gaining an understanding of the scalar exchange process between cities and the 
atmosphere. Field experimental data on the vertical profile are also quite useful to evaluate modeling and wind 
tunnel experiments on the dispersion of scalars such as air pollutants within urban canopies. 
In this study we investigated the vertical profiles and turbulent transfer processes of heat, water vapor, and CO2 
within and above a residential canopy in Tokyo, Japan, on the basis of field measurements in winter.  
 
2. FIELD EXPERIMENTS 
 
2.1. Site description and experimental setup 
 
Field experiments were done during November and 
December 2004 in a low-storied residential area in 
Kugahara, Tokyo, JAPAN (35º34’N, 139º41’E). A 29 
m tower (without guy lines) was installed in the 
backyard of a home (Fig. 1). The residential area 
consisted of houses with a mean height (zh) of 7.3 m, 
paved roads, and small playgrounds. In the vicinity of 
tower (within 50 m) a mean aspect ratio (building 
height to width of space) is 0.63. Additional details are 
given in Moriwaki and Kanda (2004).   
Sensible heat, latent heat, and CO2 fluxes were 
measured at 29 m using a sonic anemometer (USA1, 
Metek GmbH) and an infrared CO2/ H2O open-path 
analyzer (LI-7500, LI-COR). Other details of the tower 
and instrumental setting are in Fig. 1. This 
measurement height was found to be above the urban 
roughness layer according to our analysis of the flux-
gradient relationships for momentum and heat 
(Moriwaki and Kanda, 2005). The instantaneous 
horizontal and vertical wind velocities u, v, and w, 
sonic temperature T, humidity q, and CO2 
concentration c, were sampled at 8 Hz. These data 
were logged to a data logger (CR10X, Campbell Sci.) 
and stored on a computer. Heat, water vapor, and 
CO2 fluxes were estimated using the eddy-covariance 
method every 60 min. The coordinate axes were 
rotated so that the mean vertical and lateral vertical 
velocities were zero ( 0== wv ) and that the 
covariance ''wv  was zero (McMillen, 1988). The water 
vapor and CO2 fluxes were corrected for density 
effects (WPL correction; Webb et al. 1980).  
In addition to the measurements at 29 m, wind velocity 
and turbulent statistics were measured using sonic 
anemometers at 4, 7.5, 11, 15, and 21 m.  
Air temperatures were measured using unshielded, 

Tower 

 

Referen ce 
GAS 

Fig. 2.  Gas-multiplexer system for CO2 and H2O 
concentrations.  

 Variable 

a CO2, q, Τa 
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See text for the variables. 

Fig. 1.  View of the tower and instrumental setup. 
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50-µm-thick bare thermocouples. The thermocouple signals were recorded every 1 second and averaged over 10 
minutes. More details are in Kanda et al. (2005a). 
The vertical profiles of CO2 and vapor concentration were measured using a CO2/H2O gas-multiplexer system 
sampled sequentially air from 11 tower levels. We located 11 levels with inlets for CO2/H2O-concentration 
measurements. Air was sucked from each inlet at the tower through a Decabon tube down into an air-conditioned 
room at the bottom of the tower, where a gas multiplexer and a LI7000 closed path gas-analyzer (LI-COR) were 
operated. To minimize the effect of temporal changes of the background concentration, we setup a quick 
switching system (Fig. 2) similar to the one reported by Xu et al. (1999) and Vogt et al. (2005). Air from different 
levels was continuously drawn through all the lines while air from one selected height was monitored in the LI-
7000. Each channel was sampled for 10 seconds but the first 3 seconds after switching were discarded. Mean 
values over the remaining 7 seconds were stored. The measurements for all 11 levels took 2 minutes. The 
intensive observation period was from November to December 2004. 
 
2.2. Data processing 
 
To examine the stability effect on the mean profiles, we used the bulk Richardson number (Rb) which was 
determined based on data measured at 29 m and 3 m. 

 
2UT

gz
Rb sθθ −

≡     ,     (1) 

where g is the acceleration due to gravity, θ is the potential temperature at 29 m, θs is given by the potential 
temperature at 3 m, U is the wind speed at 29 m, and T is the air temperature at 29 m. Virtual temperature is 
usually used, but here we assumed the virtual temperature to be approximately equal temperature. By definition, 
Rb represents the stability within and above the canopy, and thus it is the most suitable stability index for the 
vertical profile of CO2 concentration. We set Rb > 5 for the stable case, and Rb < -1 for the unstable case. The 
number of datasets for stable and unstable cases is 17 and 26, respectively. 
 
3. Results and discussion 
 
The ensemble-averaged profiles of air temperature and CO2/H2O concentrations for each case are shown in Fig. 
2 along with the corresponding averages for the wind speed and turbulent kinetic energy. 
 
3.1. Ensemble-mean profiles for unstable case 
 
The data for the unstable case came mainly from 
daytime data. The air temperature profile (Fig. 3a) 
shows that the air temperature peaks near the 
rooftop level (z/zh = 1). Kanda et al. (2005a) 
investigated the seasonal trend of vertical 
temperature profiles and concluded that the height 
of the daily maximum temperature in this site is 
mainly dependent on the height at which solar 
energy is absorbed. In winter, more solar radiation 
is absorbed on the roofs and the upper part of the 
walls due to the lower solar angle in this season. 
Additional observations on the surface temperature 
using a thermal infrared camera showed that the 
roofs were the most-heated surfaces in the winter 
daytime (not shown here), which agree with the 
results of Hoyano et al. (1999).  
The CO2 concentration for the unstable case 
during daytime (Fig. 3b) is almost homogeneous 
within and above the canopy, although the CO2 flux 
was upward even in the daytime (not shown here). 
Moriwaki and Kanda (2004) revealed that the 
largest sources of CO2 in this residential is fossil 
fuel consumption in houses. The CO2 probably 
emitted through ventilating fans were easily 
dispersed by larger turbulent mixing (Fig. 3e).  
The shape of the H2O profile for the unstable case 
(Fig. 3c) was different from that of CO2. The H2O 
concentration was highest near the ground and 
there were differences within and above the 
canopy. This is probably because the emission of 
H2O was located in the vicinity of the ground 

Fig. 3.  Ensemble-mean profiles of (a) temperature, 
(b) CO2 concentration, (c) H2O concentration, (d) 
wind speed normalized by U4zh, and (e) turbulence 
kinetic energy (TKE) in stable and unstable case, 
respectively. Air temperature, CO2, and H2O are the 
values subtracted from the values at z = 29 m.  
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surface. The turbulent kinetic energy within the canopy is less than that above or in the upper part of the canopy 
(Fig. 3e), and thus the emitted H2O near the ground would not be well-mixed.  
 
3.2. Ensemble-mean profiles for stable case 
 
The data for the stable case was mainly from the nighttime data. The air temperature profile (Fig. 3a) showed that 
the level with the minimum air temperature was located at the lowest measurement level (z/zh = 0.1). However, at 
night the roof has the lowest surface temperature in the canyon. The similar result was also reported for the city 
center of Marseille (Salmond et al., 2005) and for an outdoor scale model (Fig. 9 in Kanda et al., 2005b). Usually, 
the roof is the surface that is more likely to be cooled during the nighttime because the large sky-view factor at the 
roof increases the radiative cooling there. The contrasting evidence between air temperature and surface 
temperature indicates that the cold air generated at roof level moved down to the ground level, causing the 
minimum of air temperature to occur at ground surface level. This is like a ‘cold air pool’ within the canopy and it 
would be possible under very calm and stably stratified conditions in which the wind speed and turbulent kinetic 
energy are low within the canopy (see Fig. 3d and 3e). 
The mean vertical profile of CO2 for the stable case (Fig. 3b) shows that the CO2 concentration within the canopy 
is much larger than that above the canopy, with a mean difference of 40 ppmv between the levels within and 
above the canopy. Interestingly, the CO2 concentration above the roof top level decreases with height, while the 
CO2 concentration within the canopy keeps almost the same level. The mean shape of the CO2 vertical profile 
indicates that the CO2 emitted through the ventilating fans (emitted from the upper part of the canopy) 
accumulates within the canopy. A possible reason for the dynamical behavior of CO2 is the effect of ‘cold air 
subsidence’. That is, the cold air that formed at roof level flowed down, brought concentrated CO2 air parcels 
down towards ground, and fill up the air within the canopy with high CO2. 
The profile of H2O for the stable case (Fig. 3c) shows that the height of H2O maximum appears at the lowest 
measurement level (z/zh = 0.1). The mechanism for this H2O profile in the stable case can be also attributed to the 
‘cold-air subsidence’ as follows. Basically, the mixing ratio of H2O in the upper air is lower (e.g., Stull, 1988) and 
there is no significant source of H2O within the canopy except for the soils in the backyard (Moriwaki and Kanda, 
2004). Therefore, for the case of H2O, the subsidence flow from the roof level takes the less humid air downward 
and decreases the H2O concentration within the canopy except the region closest to the ground where the 

turbulent mixing is very weak and thus the scalar is 
hard to be diffused. As a result, the H2O concentration 
in the vicinity of the ground level is high and 
decreases rapidly next to the ground, and the profile 
of H2O is quite different from that of CO2. 
 
3.3. Dynamics Of Scalar Profiles 
 
The relationships between the ‘cold-air subsidence’ 
and the scalar profiles are also visible in the height-
temporal contour plot of scalar (Fig. 4). When the 
wind speed decreased at around 2005 JST (see black 
arrow in Fig. 4a), a high CO2 concentration was 
detected at the rooftop level and the highly 
concentrated parcel did not disperse above the 
canopy, but rather approached the ground from 2005 
to 2010 JST. When the high CO2 concentration 

Fig. 4.  One-half-hour time series of (a) horizontal wind 
speed measured at 21 m, (b) CO2 concentrations, (c) 
H2O concentrations, and (d) air temperature from 1930 
to 2100 JST on 15 December 2004.  

Fig. 5.  One-half-hour time series of vertical wind 
velocity deviations measured at (a) 21 m, (b) 15 m, 
(c) 7.5 m, and (d) 4m from 1900 to 2100 JST on 15 
December 2004.  
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approached the ground from 2005 to 2010 JST (Fig. 4b), less H2O concentration around the rooftop level was 
transferred downward into the canopy (Fig. 4c). Fig. 5 shows the vertical wind velocities at 21, 15, 7.5, and 4 m 
for the same time period of Fig. 4. Around 2005 JST, the vertical wind velocities within the canopy (both 4 and 7.5 
m height) showed a slightly downward flow which is continuing for several minutes, although those above the 
canopy (15 and 21 m height) did not show any significant directed flows. The downward motion only within the 
canopy is consistent with the cold air subsidence that we described above. 
 
4. SUMMARY AND CONCLUSIONS 
 
We investigated the vertical profiles and turbulent transfers of heat, and CO2/H2O concentration within and above 
a suburban surface layer. The ensemble mean shape of the vertical profile for stably stratified conditions showed 
that the CO2 emitted from the houses accumulated within the canopy. Such behavior was not found in the H2O 
profile. We argued that the reason for this difference is that a nocturnal cold-air subsidence flow brought down air 
parcels with high CO2 concentrations from the ventilation fan to the ground. However, the largest H2O sources are 
at the ground, and thus the nocturnal cold-air flow did not bring H2O -rich air to the ground.  As a result, H2O had 
a different vertical profile than CO2 and instead decreased rapidly above the ground.  
The present results and discussion indicate that urban micro-climate models should include both the three-
dimensional turbulent flow around the building and the source distributions to accurately describe the dynamical 
behavior and diffusion processes of the scalars within and above urban canopies. 
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PARTICLE AND SENSIBLE HEAT FLUXES MEASURED BY EDDY COVARIANCE 
ABOVE AND WITHIN AN URBAN CANOPY 

Ian Longley1, Martin Gallagher 
University of Manchester, Manchester, UK 

 
 
Abstract 
 
Vertical turbulent particle number fluxes and sensible heat fluxes have been measured at a height of 90 m in the 
centre of the city of Manchester, UK for a period of 6 weeks in summer 2005. A CPC flux system was deployed 
based upon a TSI 3010, as previously deployed above the city of Edinburgh. The sonic anemometer (Gill 
Instruments Inc) and particle inlet were situated atop a slender mast mounted upon the roof of one of 
Manchester’s tallest buildings. 
Simultaneously, particle fluxes were measured on the rooftop of a six-floor building overlooking a street canyon 
containing one of Manchester’s most congested traffic routes, less than 1 km from the tower site and frequently 
upwind of the tower. At this site an OPC providing particle counts in the range 0.1 – 3.0 µm was deployed. 
Furthermore, ultrafine particle number concentrations were measured at street level at a third nearby site. 
Initial analysis indicates that the particle number fluxes at the tower site exhibit a clear diurnal cycle that is closely 
related to the diurnal sensible heat flux cycle, a similar result to that in Edinburgh. There was some dependence 
of flux upon wind direction – whether this is due to inhomogeneities in upwind sources of particles or turbulence, 
roughness or the effect of the tower itself is under investigation. Fluxes at the lower site were much more complex 
and highly dependent upon the local street canyon flow. This paper will compare the fluxes measured at the two 
sites with the aim of relating canopy fluxes and street-level concentrations to meteorological parameters and 
traffic levels. 
 
 
Key words: particles, sensible heat flux, eddy covariance 
 
 
1. INTRODUCTION  
 
There is currently great uncertainty regarding the emission rate of particles from the urban canopy – both in 
quantification and the determination of controlling mechanisms. Urban areas constitute major localized sources of 
particles which have impacts for local and regional ecosystems including eutrophication, nitrification and 
deposition of toxic materials such as heavy metals. Urban particles also form a plume with strong local 
interactions with solar radiation both directly and indirectly through the modification of cloud and rain formation.  
Before export on the urban plume, particles emitted within cities also have direct impacts on human health. Such 
impacts have generally been identified via epidemiological links between long-term datasets of hourly PM10 
measurements and rises in mortality and morbidity. Toxicologically, it is well established that the many 
components of PM10 are unlikely to possess equal toxicity, but that ultrafine particles (which may be arbitrarily 
defined as those smaller than 100 nm in diameter) are increasingly seen as being the most toxically important 
sub-group due to their high number concentrations and deeper penetration into the respiratory system and 
translocation into the cardiovascular system. Spatial and temporal variation in ultrafine particle concentrations in 
urban areas are poorly quantified due in part to the very high dilution ratios between emission and background 
and great variability in emission rates between individual sources. The short residence time of these particles due 
to coagulation, condensation and deposition, all of which are also poorly constrained, further impedes our 
understanding of their dispersion.  
Quantifying both urban concentrations and urban export of particles, and especially ultrafine particles, depends 
upon understanding how the urban canopy is ventilated. This is the aim of the CityFlux project, a three year 
project funded by the UK Natural Environment Research Council (NERC), conducted jointly by the University of 
Manchester and the Centre for Ecology and Hydrology in Edinburgh, and based entirely upon field 
measurements. The principal objective was to directly measure vertical turbulent fluxes of particles which have 
escaped the urban canopy before they are exported from the urban area. Measurements were focused in the city 
centre where emission sources are densest. This paper reports on some initial results from the pilot study 
conducted by the University of Manchester group in year one of the project. 
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2. EXPERIMENTAL   
 
The city of Manchester is located on a flat plain in the northwest of England, approximately 50 km west of the Irish 
Sea coast. The city is at the core of the Greater Manchester conurbation which has a population of 2.5 million. 
The conurbation is roughly circular, 10 – 15 km in diameter, and has symmetrically distributed pollution sources. 
The city centre is compact (~2 km diameter) and densely built-up. The mean building height here is ~ 20 m, and 
there are relatively few tall buildings. The climate is dominated by cyclonic conditions and advection of Atlantic air 
masses, with occasional anti-cyclonic periods. PM10 sources are dominated by road transport emissions. 
Approximately 50% of trips into central Manchester are made by car and 50% by public transport (GMLTP). By 
2004 only 11% of the bus fleet was Euro III or better (GMLTP). Traffic flow follows a distinct diurnal pattern with 
weekday peaks between 07:00 and 09:00 local time and between 16:00 and 18:00 local time (Figure 1). On 
weekends the morning peak is generally absent. Compared to some other European cities the traffic in the 
downtown core is relatively uncongested. 
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Fig. 1 Diurnal average traffic flow at the Whitworth Street site 

 
Particle fluxes in the city centre were measured during the first phase of the CityFlux campaign between June and 
August in 2005. Fluxes from the urban canopy were measured using a mast placed on top of the Portland Tower, 
a centrally located typical office tower, 80 m high and the fifth tallest building in the city. A Gill Solent R3 sonic 
anemometer was combined with a Condensation Particle Counter (TSI Inc Model 3010) to provide momentum, 
sensible heat and particle number fluxes (with an effective lower particle cut of 11 nm diameter). This system is 
very similar to that previously deployed in Edinburgh (Dorsey et al., 2002).  
Fluxes were also measured on the roof of a six-storey building that formed one side of Deansgate, a street 
canyon containing busy but generally slow-moving traffic. This location was 800 m to the NW of the Portland 
Tower. At this site particle fluxes were provided by a RM Young sonic anemometer (Model 81000) and an Optical 
Particle Counter (ASASP-X probe, Particle Measuring Systems). This instrument provides number concentrations 
for particles in the range 0.1 – 3.0 µm in diameter in 32 size channels. This system was previously deployed 
within the street canyon space elsewhere in Manchester (Longley et al., 2004). Furthermore ultrafine particle 
concentrations at roof level and street level were measured at heights of 4 m and 25 m (roof level) in a different 
street canyon (Whitworth Street) using identical Differential Mobility Particle Sizers (DMPS) designed and built at 
the University of Manchester. This location was 300 m SE of the Portland Tower. 
 
 
3. RESULTS 
 
 
During the measurement campaign in summer 2005 a range of weather conditions were observed which may be 
considered typical for Manchester. Cool, moderately windy cyclonic conditions with some rain were interrupted by 
a week-long anti-cyclone and by shorter periods of low winds. For periods where particle flux data was recorded, 
wind speeds measured at Portland Tower had an interquartile range of 1.7 – 4.6 m s-1, and at 25 m the 
interquartile range of temperature was 17.6 – 19.2 °C.  
At Portland Tower the particle number fluxes exhibited a dominating diurnal cycle. An hour-by-hour diurnal 
average (Figure 2) indicates a peak particle emission flux between 13:00 and 16:00 local time, with a flux of 
approximately 45 000 cm-2 s-1. A minimum flux occurred between 05:00 and 07:00 local time, of around 3 300 cm-

2 s-1, although it should be noted that this flux is still positive, i.e. represents a net emission from the urban 
canopy. A secondary peak in emission is apparent in the diurnal average at 22:00 local time (sunset at this time is 
around 21:20). Closer inspection has revealed that this apparent high evening emission was observed in the 
WNW wind direction only, but has a large influence as this was overwhelmingly the most common direction 
observed during the whole experiment, but especially in the late evening. The cause of this high emission has not 
yet been established, but is discussed further by Martin et al. (2006).  
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Fig. 2 Diurnal average particle number and sensible heat fluxes measured at the Portland Tower. 
 

It is noteworthy that neither of the peaks in the measured particle fluxes coincides temporally with the peaks in 
traffic flow and hence presumed particle emission rates. Indeed, the rather low fluxes during the morning traffic 
peak (of the order of 10 000 cm-2 s-1) are qualitatively consistent with the notion that weak turbulent mixing at this 
time leads to a limited turbulent ventilation of the urban canopy and a subsequent rise in concentrations at street 
level. Such a rise was observed using the DMPS at 4 m in the street canyon, but not at 25 m. 
The diurnal cycle in particle fluxes at Portland Tower was very similar to that for sensible heat flux, with the 
exception that the secondary evening peak particle peak was not reproduced in the heat flux at all (Figure 2). The 
heat flux dataset is longer than the particle flux dataset as the CPC was removed on 26th June, but the 
anemometer remained in place until 16th August. Up to 26th June the mean sensible heat flux was 106 W m-2, or 
85 W m-2 for the complete dataset. Nevertheless in both cases the diurnally averaged peak heat flux occurred in 
the early afternoon at approximately 170 - 185 W m-2. From midnight to sunrise (around 05:00 local time during 
this period) the flux fell from 40 to 20 W m-2. 
At the Deansgate street canyon rooftop site the time series of sensible heat flux appears similar. However, the 
diurnal average peak was broader, with a flux of approximately 130 - 150 W m-2 sustained from 11:00 to 19:00 
local time. Overnight the diurnal average flux did not fall below 40 W m-2. 
Particle fluxes measured at Deansgate are more resistant to interpretation. There was much more apparently 
random scatter in the data so that any diurnal cycle was probably not the dominant control on fluxes. This is likely 
to be partly due to the particle size range of the OPC, meaning that a larger proportion of particles counted would 
be accumulation mode particles and not directly emitted from the street canyon. Perhaps a more important 
consideration is the strong flow channeling in the canyon and flow distortion caused by surrounding buildings 
which overlooked the measurement site. In the dominant wind direction during the experiment (WNW) the 
Deansgate site was upwind of the Portland Tower. However, logistic limitations meant that the OPC and sonic 
were on the upwind side of the canyon. In WNW winds low wind speeds were observed at the rooftop, but there is 
no evidence in 10 minute means of direct flow from within the canyon to the OPC. The existence of briefer periods 
of reversed flow will be investigated in the near future. Consequently, when the Deansgate site was upwind of the 
Portland Tower we do not have fluxes from within the street canyon space. 
 
 
 
4. CONCLUSIONS AND LOOKING FORWARD 
 
The summer 2005 campaign was seen primarily as a pilot study to investigate some of the logistic and 
instrumental issues as well as collecting some reference data. Measurements of particle fluxes at Portland Tower 
were repeated in February and March and are compared with summer 2005 in this conference by Martin et al. A 
larger campaign was recently completed. In this campaign further particle and gas instrumentation (including CO, 
CO2, NOx, accumulation and coarse mode particles and particle composition) was added to the Portland Tower, 
and street canyon measurements were made within and above a different street canyon. With this extended 
dataset it is anticipated that street level concentrations can be related to fluxes parameterized as a function of 
meteorology, an urban heat transfer model and a traffic emission model.  
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COMPARISON OF RURAL AND URBAN TURBULENCE STABILITY 

PARAMETERS FROM ISB52 IN LONDON 
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 Abstract 

This paper presents a case study of the behaviour of the urban mixed layer during the ISB52 field trial. 

Temperature profiles from AMDAR data are used to investigate differences in mixed layer structure for 

aircraft data around London in the UK. The data is sorted into ‘urban’ and ‘rural’ locations and the 

behaviour of the urban and rural boundary layers are used to explain the lidar cloud base data 

variations. Data from the 9th July 2003 show all the requirements for a characteristic urban heat island 

driven flow with low wind speeds, high temperatures, dry urban surface conditions, moist rural surface 

conditions, and near cloud-free skies. Lidar data for this day are examined to investigate the turbulence 

behaviour at the urban/rural transition. 

 

Keywords: Doppler lidar, urban boundary layer, dispersion models, mixing height 

 

1. INTRODUCTION 

 

One of the main problems affecting our understanding of urban meteorology is the great difficulty there 

is in making representative measurements in an area that is both heterogeneous and nearly 

inaccessible. Above the roughness sublayer of the urban canopy there is an urban mixed layer that has 

had very little investigation. This paper aims to investigate the urban mixed layer using remote sensing 

and aircraft data.  

 

The boundary layer height or mixing level height (MH) can be regarded as defining the vertical extent of 

pollution dispersion. A very shallow mixing height is associated with pollution trapping. Notable episodes 

in London, when the pollutants were trapped, include the smog of December 1952 and the NO2 episode 

of December 1991. Dispersion models contain meteorological pre-processors which can estimate the 

mixing height, but these are not necessarily “urbanised”. In other words they may make no allowance, or 

only a simple approximate allowance for the effects of the city. The local air quality management 
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decisions for London have, to a large extent, rely upon the MH estimates from within the ADMS 

dispersion model. There is thus a practical need to better understand the urban MH in the London area, 

and to see how this may differ from the surrounding rural MH.  

 

2.  ISB52 TRIAL 

 

During the summer of 2003 collaboration between the University of Salford, the Met Office, QinetiQ, and 

the University of Essex was undertaken to measure wind and turbulence structure using a dual lidar 

configuration in the vicinity of London, in the UK. The project funded by HM Treasury under the Invest-

to-Save budget, was aimed at improving understanding the variability of parameters crucial to dispersion 

modelling, see Collier et al (2005). The project was named ISB52. During the ISB52 trial lidar 

backscatter data was used to investigate MH levels. The field site was to the west of central London and 

on a transition zone with mostly urban / suburban surface conditions to the east and rural / green-field 

conditions to the west. During some days of the field trial there was significant mesoscale variation in 

the MH in the vicinity of the lidar. This paper investigates the boundary layer on one of these days 

looking at civil aircraft AMDAR data from ‘rural’ and ‘urban’ airfields to examine the hypothesis that rural 

/ urban MH differences might explain the differences seen in the lidar data. 

 

During the ISB52 field campaign synoptic data, surface station data, Unified Model (UM) data, NAME 

dispersion model data, ADMS dispersion model data and civil aircraft AMDAR data were made available 

by the Met Office. Comparison of the boundary layer height as measured using the aerosol backscatter 

from the lidar with the model data were investigated (Middleton and Davies, 2005, Davies and 

Middleton, 2006). 

 

The University of Salford lidar was designed and built by QinetiQ, Malvern. The Salford lidar is a pulsed 

Doppler CO2 lidar. Its operating wavelength is 10.6 µm making it eye-safe and ideal for use in urban 

areas. Details of the system configuration and its signal processing procedure are given in Pearson and 

Collier (1999) and Bozier et al. (2004), and a discussion of the errors associated with the Salford 

Doppler lidar data is contained in Davies et al. (2003, 2004, 2005). 

 

AMDAR or TAMDAR are meteorological data from civil aircraft and they potentially present useful 

information for air pollution modellers. Radiosonde ascents have not been available in the vicinity of 

London, the UK, for a number of years, and analysis of air pollution episodes has been impeded by a 

lack of measured values for the mixing height (MH) over the city. Throughout the ISB52 field campaign 
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AMDAR data were downloaded and stored for civil aircraft landing and taking off in the London area. 

These data contain vertical profiles of wind speed, wind direction, temperature and pressure for daytime 

periods, as well as aircraft position.  

 

3. RESULTS 

This paper will examine AMDAR, lidar, and model data from the 9th July 2003 when there was a 

distinctive difference between cloud base height in the lidar data over the ‘rural’ and the ‘urban’ sectors 

as shown in figure 1.  

 

Figure 1: Elevation scan of the lidar Doppler velocity on the 9th July 2003 from 14:48 – 15:12 UTC. The 

scan of Doppler velocity from the lidar data show very large returns from the cloud base level and noise 

above this level. The large positive velocity values denote the cloud base level which is seen to increase 

from left to right as the lidar scans from over the more rural to more urban surfaces respectively. 

 

AMDAR data from rural and urban locations around the region of London, UK, are examined and show 

that the urban mixed layer is cooler in its highest levels on this day. This decrease in temperatures is 

shown to cause the urban mixed layer to be more unstable at these higher levels which is possibly the 

cause the higher cloud base. Unfortunately no humidity data was available from the AMDAR data for 

this period. Lidar data from this day is also investigated to examine the turbulence data over the rural 

and urban sectors of the field site. 
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MEASURING NOCTURNAL LONGWAVE RADIATIVE FLUX DIVERGENCE 
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Abstract 
The measurement of longwave radiative flux divergence has long presented significant challenges to 
investigators.  This has been primarily due to the lack of an appropriate instrument to resolve the divergence 
signal. To overcome this difficulty a new radiometer (DCIR) has been developed that in conjunction with a 
radiative transfer model is able to measure longwave flux divergence directly. The DCIR is tested over a simple 
grass surface at night and shown to function well. Radiative and measured air temperature cooling rates are 
found to be correlated to wind speed due to the entrainment of warmer and drier air from aloft. Over the course  of 
the night the radiative cooling is always greater than the measured cooling rate.  Future work will look at 
divergence measurements taken over an urban canyon. 
 
Key words: Longwave radiation, nocturnal 
 
1.  INTRODUCTION  
Temperature change in a volume of air is a result of net changes in the energy balance of that volume. At night, 
net change is the combined result of advection, turbulent sensible heat flux, latent heat effects such as fog 
formation or dissipation, and longwave radiative heat transfer. Gaevskaya et al (1963) considered the latter, 
longwave irradiance flux divergence, to be a key effect in the nocturnal boundary layer. It can potentially be an 
important cooling term yet it has often been neglected (Garratt and Brost, 1982).  Although ignored for some time, 
there is interest in this area because it might play an important role in balancing energy budgets by day and night. 
For example, it is recognized that surface energy balance measurements that assume only 1-D exchanges and 
neglect storage effects in the air layer between the surface and the measurement level, commonly fail to ‘close’ 
the balance (e.g. Wilson et al., 2002). In urban areas, while surface temperatures relate well to the surface energy 
balance, air temperature often does not. This is probably related to longwave divergence and advective effects. 
The canopy layer urban heat island at night should really be seen as the difference between the net energy 
balance of urban canyon and rural air volumes, yet such differences have never been measured simultaneously.. 
Further, there are several potential applications of better knowledge regarding infrared flux divergence in studies 
of the radiative environments of fog, cloud aerosol, air pollution, blowing snow, and the marine boundary layer. 
This project is, therefore, based upon the need to measure the divergence of infrared radiation in the lower 
atmosphere of both rural and urban environments.  
 
There are very few observational studies of radiative flux divergence. Pioneering work by Funk (1960) found that 
radiative cooling was always greater than the normal cooling observed by thermometry in the lowest few metres 
of the atmosphere. Fuggle and Oke (1976) and Nuñez and Oke (1976) directly measured radiative flux 
divergence above and below roof level, respectively in urban environments. Recently, Sun et al (2003) measured 
radiative flux divergence over the lowest 48 m of the atmosphere above a rural surface. All of these studies used 
measurements from broadband, hemispherical field of view (FOV) instruments located at a minimum of two levels 
above the surface or where the instruments were transposed vertically. The use of multiple instruments 
introduces spurious inter-sensor differences due to inter-instrument differences in construction and calibration. 
Furthermore, instruments located at two levels view different areas of the surface. Unless the surface is spatially 
perfectly homogeneous this again causes differences between the two measurements that are not atmospheric in 
origin. The presence of a measurement tower can also cause differences between what is within the FOV of the 
instruments.  Any one, or a combination of these errors, can easily swamp any of the very small differences in 
signal levels that might be due to radiative flux divergence. Differences of 1W m-2 over a vertical distance of one 
metre produce radiative warming or cooling rates of ~3°C h -1

., The dearth of studies into longwave flux divergence 
has largely been a result of the difficulty in measuring such differences accurately.  
 
With these difficulties in mind Wilson (2005) designed a new type of radiometer that is a narrowband, narrow FOV 
instrument to measure infrared divergence. The instrument is small enough to be placed on a rotating mount, so it 
is no longer necessary to translate the instrument through a vertical distance. The basic theory underlying this 
dual-channel infrared radiometer (DCIR) for the measurement of infrared divergence centres on three arguments 
and assumptions, viz: 

• infrared divergence in space is dominated by the radiative role of water vapour 

• water vapour activity over the broadband infrared spectrum can be characterised by that present in a remote 
measurement in a single narrow band in which water vapour activity is strong 
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• the broad band irradiance of a target (without any activity by the intervening air) can be calculated from a 
remote measurement in a second narrow band in which the impacts of water vapour activity are almost zero. 

In addition to the correctness of these assumptions there is need for model-generated equations that allow 
conversion between the narrow and broad bands. This is achieved using the radiation transfer routine 
MODTRAN. Measurements from a single point, can be used to calculate the broadband integrated radiance as 
would be measured at zero distance from the target, as well as the broadband integrated radiance that would be 
measured at the instrument’s distance from the target. The difference gives the infrared divergence over the 
target-instrument distance. 
 
 
2.  MEASUREMENT SYSTEM AND SIGNAL PROCESSING 
 
2.1  THE RADIOMETER (DCIR) 
The radiometer measures longwave radiation in both an “active” channel (5 – 7 µm) where there is very strong 
absorption, and a “window” channel (8 - 10 µm) where the atmosphere is effectively transparent. The active 
channel measurement is composed of a combination of emission and reflection from the surface and atmosphere, 
whereas the window channel is solely made up of emission and reflection from the surface. Differencing the two 
signals provides a measure of the absorption or emission from the atmosphere alone. These are narrow band 
measurements and need to be converted to broadband infrared fluxes before the divergence can be evaluated. 
The procedure to convert narrow to broadband measurements is discussed in Section 2.2 The DCIR has an 
instantaneous field of view of 15o. Thus by integrating a sequence of broadband radiance measurements the 
hemispheric irradiance can be evaluated. The hemispheric irradiance can also be evaluated over a simple surface 
by developing a relationship between nadir radiance and hemispheric irradiance with the aid of MODTRAN. To 
achieve directional measurements the DCIR can be oriented at varying off-nadir angles (ONA) by a mechanized 
rotating mount. 
 
2.2  SIGNAL PROCESSING 
To convert the DCIR signal output in the two wavebands to a longwave divergence takes a number of steps. This 
section describes that procedure and the rationale behind each step. The first step is to calibrate the DCIR using 
a blackbody cavity. This is to develop a relation between the signal (mV) output from the DCIR and the brightness 
temperature of the source. As the DCIR uses a pyroelectric sensor, the signal generated is a function of the 
difference between the internal temperature of the DCIR and the blackbody temperature. Internal temperatures 
were monitored using six thermocouples located in the brass block surrounding the detector. The blackbody 
calibration chamber is filled with cold water and allowed to warm while the DCIR warms due to the heat generated 
by its internal electronics and stepping motor. This gives a wide range of differences between internal and 
blackbody temperatures. The calibration relation derived exhibits strong linearity between the difference of the 
blackbody irradiance and internal irradiance and the mV signal output.  
 
The second step is to convert the brightness temperature in the two wavebands to either hemispheric irradiance 
or directional radiance. Over a relatively simple two-dimensional surface, such as short grass, it is possible to 
evaluate the hemispheric irradiance by taking one measurement, in both wavebands, in the vertical. MODTRAN is 
used to develop a relation between brightness temperature in each waveband measured in the vertical and the 
hemispheric irradiance. We assume there are no significant spatial differences in the spectral emissivity of the 
grass. For a more complex three-dimensional surface (e.g. urban canyon) it isn’t possible to use a single vertical 
measurement to characterize the hemispheric irradiance. This is due to two main factors. Firstly, the temperature, 
and hence radiative emission from the surface is not spatially constant. For example, in an urban canyon, the 
walls and street surface are commonly at much different temperatures. Therefore, one measurement is not 
enough to represent the entire street canyon system. Secondly, due to the nature of street canyons it is likely that 
not all the surfaces present are composed of the same materials, therefore they will likely have different spectral 
emissivities. The combination of these two factors means there is need for a sequence of measurements at 
differing off-nadir angles be taken. They can then be integrated to obtain the hemispheric irradiance.  
  
The total divergence is a function of both the upwelling and downwelling irradiances so both need to be 
measured. The third step to obtain the divergence is to consider two irradiances separately. The upwelling 
irradiance is measured directly by the DCIR using the procedure already described. The downwelling irradiance is 
measured by a hemispheric viewing pyrgeometer mounted at the same level as the DCIR. It is then necessary to 
develop a relation between downwelling irradiance at instrument height and downwelling irradiance at the surface. 
It isn’t possible to directly measure the downwelling irradiance at the surface with a similar pyrgeometer due to the 
presence of the tower, other instruments and buildings within its FOV. So MODTRAN is used again to model the 
broadband emissivity change in the lowest air layer between the instrument level and the ground. Over a range of 
modeled atmospheres the average downwelling emissivity over a 9 m layer was found to be 0.0006. This value is 
used to adjust the downwelling irradiance measured at the top of the tower to a surface value. 
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3.  RESULTS OVER A SIMPLE SURFACE 
 
As a preliminary step to test the DCIR and to investigate the 
nocturnal temporal variation in longwave divergence, 
measurements were conducted over a flat homogeneous short 
grass surface. The spectral emissivity of short grass is reasonably 
well known thereby removing an unknown and a parameter that is 
difficult to measure. The measured divergence over this simple, 
effectively 1-D, surface provides “baseline” measurements against 
which future urban measurements can be compared 
. 
The location was Totem Field in the south part of the University of 
British Columbia campus (Figure 1.). A full radiation balance 
measurement system was set up in addition to observations of air 
temperature, relative humidity, wind speed and direction at two 
levels. The DCIR was placed at the top of a 9 m tower and oriented 
at nadir (downwards). Measurements in the two wavebands were 
taken approximately every minute over the course of 16 nights 
during August and September, 2004.  
 
Figure 2. shows results from one night of measurements. This night 
was anti-cyclonic with associated clear skies and low wind speeds.  
The pattern of air temperature change in the early part of the night 
shows cooling from before sunset (approx. 1900) to about 2100 
PDT. The average mean cooling rate in this period is approximately 
1.0 oC h-1. After 2100 the measured air temperature change 
measured by thermometry (here referred to as the measured rate) 
fluctuates between warming and cooling for the rest of the night 
(sunrise is at 0700) with a mean cooling of approximately 0.5 oC h-1.  
The radiative temperature change from the DCIR shows rapid 
decline from the beginning of measurements until 2130. After that 
radiative cooling is constant at approximately 2.5 oC h-1 until 0445. 
The wind speed drops to below 0.5 m s-1 after sunset and is calm 
(anemometer stall speed is 0.2 m s-1) until 0500. At 0500 a sharp 
increase in wind speed is associated with both a positive increase 
in radiative and measured air temperature change. The same type 
of behavior is exhibited at 1945, 2045 and 2130 although of smaller magnitude. As is typical this is interpreted to 
show that as wind speed increases in inversion conditions, warmer air from aloft is entrained downward raising 
the temperature of the near surface air. The radiative cooling rate also decreases in all cases, i.e. less longwave 
divergence. One cause of this could be the entrainment of warmer and drier air from aloft which would be less 
radiatively active than the air closer to the surface. That is, with less water vapour less longwave radiation 
emitted from the surface would be absorbed giving lower divergence. At all times between sunset and sunrise 
the radiative cooling rate is greater than the actual air temperature rate. This implies a mechanism for heat to be 
added to this part of the atmosphere to offset the radiative cooling. This could either be through lateral advection 
of sensible heat, convergence of the downward turbulent sensible heat flux or latent heat release from 
condensation on air particles. On this night it is likely that the majority of the warming can be attributed to 
convergence of the downward sensible heat flux. A small amount can be attributed to latent heat release on 
condensation. Since wind speeds are so low it is assumed that advection plays a negligible role. Unfortunately 
the turbulent sensible heat flux was not measured during this project so direct comparison between the 
difference in the rates of measured and radiative air temperature change and the sensible heat flux is not 
possible. Previous studies  (Fuggle and Oke, 1976 and Nuñez and Oke, 1976) also attributed this difference to 
convergence of the downward sensible heat flux. The remaining nights of measurements at Totem Field, not 
included here, also demonstrated good correlation between wind speed and both the radiative and measured air 
temperature cooling rates.  
 
4.  CONCLUSIONS AND FUTURE WORK 
A new instrument has been developed to permit direct measurement of longwave radiation divergence in the air 
without the confounding factors present in previous studies. In combination with MODTRAN a signal processing 
scheme has been devised to convert a single vertical measurement of brightness temperature in two wavebands 
into hemispheric irradiance divergence. Results obtained over a simple surface provide an excellent starting point 
to confirm the functionality of the DCIR. The DCIR has been shown able to resolve longwave divergence over a 
short grass surface and to show its temporal variability. In addition it appears that there is a relation between 

Figure 1. The Totem Field measurement 
site. The DCIR is mounted at the top left-
hand side of the tower. 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

54



radiative cooling/divergence and wind speed that is probably related to the entrainment of warmer and drier air 
from aloft. 
 
The next step in the use of the DCIR is to examine divergence in a more complex environment. The DCIR was 
deployed over an urban canyon as part of the Basel UrBan Boundary Layer Experiment (BUBBLE) in June, 2002. 
Seven nights of useful data were collected in this month. Analysis of these data is ongoing. The 3-D nature of the 
surface in addition to the variety of surface materials greatly increases the complexity of the analysis compared to 
the simple surface described above. To accurately evaluate the divergence in the canyon it will be important to 
take into account spectral emissivity differences within and between each surface type within the instrument’s 
FOV. Also, as already stated, the divergence cannot be evaluated with only one measurement in the vertical. 
Integrating a sequence of DCIR measurements over a hemisphere is necessary. It is hoped that this analysis will 
give further insights into the energy balance of an urban canyon in general and in particular nocturnal temperature 
change within an air volume. The energy balance of the canyon air volume should be able to be fully specified 
because of the availability of profiles of the turbulent sensible and latent heat fluxes (Christen, 2005). 
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Figure 2:  Radiative and measured air temperature cooling rates and wind speed, Sept. 27/28, 
2004 
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Abstract 
 
The MUSE field campaign took place in Montréal (Québec, Canada) from March 17th to April 14th 2005, with the 
main scientific objective of documenting the evolution of surface characteristics and energy budgets at a location 
in a dense urban area in conditions typical of Canadian winter-spring transition. Other objectives include a 
documentation of the evolution of snow in the urban environment (roofs, streets, and sidewalks) and its impact on 
the radiative and energy budgets. An urban site in Montréal has been instrumented with a 20-m telescopic 
meteorological tower to provide observations above the urban roughness sublayer of radiation budgets and 
turbulent fluxes, complemented with observations of snow cover properties and radiative observations of roofs, 
walls and streets,. The preliminary results of the energy balance are presented.  
 
 
Keywords:  Energy balance, urban, residential, winter. 
 
 
1. INTRODUCTION 
 
The main scientific objective of this experiment is to document the evolution of surface characteristics and energy 
budgets in a dense urban area, in conditions typical of Canadian winters and winter-spring transition, i.e., cold 
with snow or snow melting. A subsequent objective of this experiment is to use these observations to evaluate the 
performance of the Town Energy Balance (TEB) scheme under those conditions, an aspect that has not been 
extensively examined yet with this scheme. 
    
The MUSE-2005 urban campaign was conducted by several partners within the Meteorological Service of 
Canada (MSC), drawing upon the expertise of Profs. Tim Oke (University of British Columbia), Sue Grimmond 
(King’s College London), and Jamie Voogt (University of Western Ontario) in the site selection and observation 
program design. This experiment was done in the context, and with the support, of the Chemical, Biological, 
Radiological, and Nuclear (CBRN) Research and Technology Initiative (CRTI). 
 
 
2. METHODOLOGY 
 
A single site in a dense urban area was instrumented to meet the scientific objectives of the project. The location 
was selected for its homogeneous area with well-defined lines of closely built houses of generally two or three 
storeys. We can note the absence of any major wind disturbance source in the direction of dominating winds 
(Southwesterly). 
 
The instrumentation that was deployed during the MUSE campaign included a 20-m telescopic meteorological 
tower that provided observations above the urban roughness sublayer of radiation budgets components and of 
turbulent fluxes, complemented with radiative observations of roofs, walls and streets, and of snow cover 
properties. Table 1 describe the measurements made continuously during this experiment. 
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Table 1 – Measurements taken continuously from the automatic station intalled at the site. 
Continuous measurements 

Information Method 
Radiative fluxes Net radiometer: measuring the four components of the radiative balance 
Turbulent fluxes Acoustic 3D anemometer and gas analyser: high frequency turbulence 

and water vapor variations (Eddy covariance). 
Spatial variations of surface 
temperature 

Thermal camera and infrared thermometers 

Air temperature and humidity 
within the canyon 

Temperature and humidity sensors placed in the street and alley canyons. 

 
 
This experiment that extended from March 17th to April 14th 2005 included four intensive observations periods of 
24~26 hours. Hourly manual measurements of radiative surface temperature were conducted to characterize the 
various urban facets. During daytime, the snow properties were also documented manually. Table 2 give a 
summary of those observations. 
 
 
Table 2 – Manual observations taken in the four Int ensive Observation Periods (IOP). 

Manual observations 
Information Method 
Canyon surface temperature Portable infrared thermometer (hourly measurements) 
Snow cover Photographs (4 to 5 times/IOP) + one or twice between IOPs 
Snowpack density 
Snowpack height 

Snow sampling 

Snow albedo Portable albedometer (4 to 5 times/IOP) 
 
 
3. RESULTS 
 
The weather for the first part of the experiment was exceptional, with a continuous series of clear-sky days with a 
slow but steady decrease of the snow cover in the streets and alleys. Early in the experiment, the snow cover was 
close to 100% on roofs, in backyards, and in the alleys.  A few weeks later, the depth and fractional coverage of 
the snow pack were greatly reduced.  This diminution of the snow coverage had a significant impact on the 
energy balance at the surface.  As could be expected, the albedo of the urban surfaces slowly decreased during 
the experiment, leading to an increase of sensible heat fluxes and of the Bowen ratio. 
 
These conditions are clearly visible in the solar radiative budget (variation of albedo; see Figure 1) and variations 
of turbulent fluxes (Bowen ratio; see Figure 2). The albedo shown on Figure 1 is calculated from solar radiation 
measurements at the top of the tower (20 m), so it gives the global albedo of the site. The decrease shown in the 
daily average is mainly the result of the reduction of snow coverage which melted quickly under clear sky 
conditions. We can see another impact of the snow melt on Figure 2, as the daily average Bowen ratio is 
increasing.  
 
A first analysis of these results yields relatively high values for the residual term. This residual term include 
contributions both from storage heat flux and anthropogenic heat flux. Neither of these fluxes was quantified yet. 
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Figure 1 - Solar radiation measurements for the firs t ten days of the experiment. 
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Figure 2 - Turbulent heat fluxes calculated  for th e first ten days of the experiment. 
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4. FURTHER WORK ON THE DATA 
 
Numerical experiments with an off-line version of TEB are currently being prepared to examine the ability of the 
scheme to capture this evolution of the snow and its impact on the surface energy budget. Work is also underway 
concerning the parameterization and impact of anthropogenic heat fluxes during the two experiments. 
 
Another campaign was held for the 2006 winter at a location near the MUSE-2005 site. The new set of data is 
currently in validation/treatment process. It will be included in the modeling work. 
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THE STRUCTURE AND ANOMALIES OF BOUNDARY LAYER HEAT BALANCE 
IN MOSCOW 

Mikhail S. Myagkov  
Urban Environment Research and Design Institute, Moscow, Russian Federation 

 
Abstract 
To study the structure of heat balance anomalies of atmospheric boundary layer in Moscow the values of albedo, 
evaporation and anthropogenic heat emission were calculated. The calculations were carried out for about 200 
territorial entities - residential and industrial zones, urban parks and forests. It was found that the winter positive 
anomaly of heat balance was predominantly (90 %) formed by anthropogenic heat fluxes. In summer this 
component was 44%, the other 36% of positive balance anomaly was due to decreasing heat losses on 
evaporation and the last 20% due to the increase of absorbed solar radiation. 
 
Key words: urban albedo, evaporation, anthropogenic heat emission, urban heat budget 
 
Introduction 
Changes in the heat budget structure are the fundamental reasons of urban mesoclimate anomalies. These 
structure changes are driven by urban surface albedo decrease, less evaporation and transpiration heat losses 
and anthropogenic heat emission. Quantitative partitioning of energy balance components changes depends on 
the urban area size, dominating build up area morphotype, geographical position and natural climatic conditions. 
As far as all the mentioned characteristics can vary, leading causes of heat balance anomalies can also vary for 
different cities (Arnfield, 2003). 
 
1. Anomalies of albedo  
Solar radiation coming into the urban built-up areas and hitting particular surfaces of the buildings is subsequently 
reflected and then re-reflected onto other surfaces losing a part of its energy with every re-reflectance. Some part 
of the radiation is absorbed with every re-reflectance making the total absorption of each surface larger than that 
of flat surfaces located in open space. 
Defining albedo of urban zones in a spatial scale when averaging albedo of discrete facets becomes useless is of 
scientific and practical interest both for urban climatology and city planning. To solve this task instrumental 
measurements from aircrafts or satellites are used with simultaneous measuring on surfaces of the examined 
landscape. Such research has been extensively carried out since the late 1980s. Obtained data performs that 
albedo of urban areas largely depends on two parameters – morphology, vertical structure and development 
density, on one side, and the presence of green areas within the city, on the other side. Most mid-latitude cities 
have integral albedo of about 10–30% with the most common value being 15%. In most cases, green areas have 
higher reflecting capacity compared to the built up areas with pavement surfaces. 
Integral albedo of Moscow’s built up areas has not been instrumentally measured yet. That is why the 
mathematical model approach has been applied to estimate integral albedo (A) of various Moscow districts. Basic 
relations between properties of the built-up areas and values of А have been obtained theoretically by means of 
numerical modeling applied to the processes of transfer and absorption of solar radiation within the urban 
environment and calculated using Albedo Calculator software developed in the Interdisciplinary Graduate School 
of Engineering Sciences (Kyushu University, Japan). Result data calculated with the help of this software 
performs high convergence of the estimated values of Аe with real values Аr obtained by instrumental 
measurements for the same entities of urban areas. 
Theoretical А values and Moscow land balance sheet within the boundaries of the Moscow Outer Ring Road, 
necessary for determining the city average value of А are represented in Table 1. Calculated values of А for some 
districts of Moscow are also plotted on map (fig. 1). 
To define the contrast of А between Moscow and surrounding areas, land-use analysis has been performed with 
the calculation of weighted average value of А. With this objective in view, all landscapes of the Moscow Region 
has been divided into the following categories with specific A values: forests, cropland, meadows, hayfields, 
gardens, developed area, transport infrastructure, bodies of water, other areas (waste land, solid waste disposal 
tips, open pits, etc.). It proved to be, that the contrast of A of Moscow and the Moscow Region during the 
summertime amounts to 1.7%, in the winter – 16.2%. 
The difference in integral A of the Moscow city area and surroundings results in larger values of absorbed solar 
radiation in the city (table 2). Total solar radiation absorbed by urbanized areas in Moscow amounts to 
37.9×1015J, or 42.6 MJ/m2 in January, in high-density built-up areas - 45.5 MJ/m2. While in the Moscow Region 
(within the confines of the Region on the average) radiation absorbed in January is about only 29.4 MJ/m2, or 1.5 
times less. In July Moscow  urban canapé absorbs 439 ×1015 J, or 493 MJ/m2 of solar energy of the initial value of 
566 MJ/m2. The Moscow Region absorbs 466 MJ/m2, or approximately 7% less than Moscow. Nevertheless, It 
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should be noted, that the difference in absolute values of absorbed radiation between Moscow and the Moscow 
Region in the winter are 2-2.5 times less than in the summer. 
 
Table 1. Albedo of the Moscow city within the Moscow Outer Ring Road 

Seasonal A (%) 

Type of territory Area, 
% 

Summer noon, 
average cloud 
conditions 

Summer 
evening, 
cloudless 

Winter noon, average 
cloud conditions 

Residential areas with SRN∗ 42.9 15.3 15.7 31.9 
Industrial zones with SRN 19.8 14.8 14.9 31.8 
Average for built-up area – 15.1 15.5 31.9 
Low developed and other areas with 
grass and vegetation cover, without 
SRN 

16.1 22.5 25.0 62.0 (in winter this 
area increases by 
1.5% due to **) 

Urban forests and parks, without SRN 16.0 15.0 19.0 30.0 
SRN beyond residential and industrial 
areas 

1.7 15.0 15.0 28.4 

Water surfaces: summer 
winter 

3.5 
2.0∗∗ 

6.0 
 

12.0  
12.0 

Average within Moscow Outer Ring 
Road 

100 16.0 17.4 36.4 

* − SRN - street and road network 
∗∗ – ice-free sections of the the Moscow river surface. The rest of water surfaces covered with ice and snow 
moved to the category “Low developed and other areas with grass and vegetation cover, without SRN”. 
 

 
 

Figure 1. Albedo (%) of different urban zones of Moscow (fragment) at noon: left - summer, right - winter 
 
Table 2. Albedo and absorbed radiation (Вк, MJ/m2) in Moscow (M) and the Moscow Region (MR) 

Solar radiation Albedo, % Absorbed radiation Season, cloud conditions 
M MR M MR M MR Anomaly 

Sunny 883 915 741.7 753.0 -11.3 Summer 
(June) Average cloud 

conditions 
 
624 

 
618 

16.0 17.7 
 
524.2 

 
508.6 

 
+15.6 

Sunny 73 93 46.4 44.1 +2.3 Winter 
(December) Average cloud 

conditions 
40 40 

36.4 52.6 
25.4 19.0 +6.4 
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2. Draining systems and evaporation heat losses 
Anthropogenic transformation of physical properties of the urban area results not only in changing of it’s А value, 
but also in reducing its permeability for atmospheric precipitation and ground water, altering flow off and 
evaporation rates. To get quantitative estimation this influence on the amount of surface flow-off and evaporation 
within the city, the structure of water balance within the confines of the city has been considered. 
Estimations give evidence that draining systems, removing precipitation from urban areas, are of a significant 
climatic effect connected with reducing heat losses for evaporation. About 40% of annual precipitation is captured 
by the drainage systems, thus withdrawing a significant amount of water from surface water balance. As a result, 
the amount of heat required for evaporation reduces. In particular, on the average ca. 90 MJ/m2 are 
underconsumed during the warm season, including 48 MJ/m2 in July. As a result, absorbed solar radiation is 
largely expended for contact and turbulent heat exchange overheating the surface layer of atmosphere, thus 
amplifying the effect of urban heat island (Myagkov, 2005). 
 
3. Anthropogenic heat emission 
Anthropogenic heat emission is always considered as a “number one” factor of mesoscale climate anomalies in 
cities, particularly for cities with high energy consumption for heating located in cold climates. Industrial plants, 
transport, domestic demands and other needs stimulate substantial energy consumption loading the fuel and 
energy complex of the city. Meeting this demand, in turn, requires a large amount of fuel combustion resulting in 
significant impact on the urban environment, its chemical and heat pollution, in particular. 
To a first approximation, three expense items should be marked out in the anthropogenic energy balance of the 
city: a) direct energy consumption including organic fuel combustion for heat and energy generation including 
auto transport; b) incineration of the organic part of the wastes produced both from the residential sector and 
industry; c) metabolic heat release. The two last parts are negligible compared to the first one in Moscow. Direct 
energy consumption plays the dominant role. As of the end of 2001 the total operating power of Moscow heat and 
electric power plants amounted to 12,236 MW. On the average, in 1998-2002 energy resources consumption 
(excluding motor fuel) in Moscow were estimated as: electric energy – 104×1015 J, heat – 435×1015 J. 23.2× 109 
m3 of natural gas was consumed for those purposes (fig. 2). Gas consumption in Moscow increases by 10-15% 
yearly. Consumption of other fuel resources was also examined. In this paper they are not discussed in detail with 
respect to the paper volume. 
Anthropogenic heat emission analogously to solar energy absorption is characterized by spatial and seasonal 
unevenness. In densely built-up districts in January it amounts up to 250-270 MJ/m2 (fig. 4). Minimal values are 
typical for the outskirts of the city. In January they amount up to 100-120 MJ/m2 only. In July anthropogenic heat 
release cut down to the level of 43 MJ/m2×month (on the average for the built-up area). Typical annual values of 
anthropogenic heat emission to the city’s atmosphere range is from 900 to 1600 MJ/m2×year. Both in the winter 
and in summer most industrial zones and central business and commercial districts are characterized by larger 
heat release than that of residential districts. 
Some spending part of the anthropogenic heat balance (heat release with household and industrial 
waste water) was considered in estimations carried out. Calculations shows that wastewater takes off 
about 123×1015 J energy through the Moscow river bed and canalization systems. For comparison – 
this quantity of energy is equal to 80% of energy generated from motor fuel consumption, exceeds 
total beam solar radiation in January (11 MJ/m2), and amounts to almost ½ of total solar radiation for 
the same month (63 MJ/m2) (Myagkov, Alekseeva, 2004). 
 
4. Total urban heat balance structure 
A question arises – in what city zones and in what season anthropogenic and natural energy fluxes dominate and 
determines the total value of the city heat balance? The comparison of values of absorbed solar radiation and 
anthropogenic heat emission in Moscow shows that in summer the urban canapé layer receives major part of the 
energy from the sun rather then from anthropogenic heat supply. Contribution of the last consists of not more than 
12.4% in total energy income (fig. 5). In winter the solar heat flux decreases with the increase of albedo and due 
to the seasonal decrease of isolation. As a result, the leading role in the heat balance turns from absorbed solar 
radiation to the anthropogenic heat release, which share exceeds 2/3 of all incoming components of the balance. 
 
Conclusion  
By generating its own additional energy fluxes the city of Moscow redistributes natural ones – this fact was shown 
by analysis of the heat balance structure and its positive anomalies. In the summer the positive anomaly is formed 
mostly due to the surface physical properties transformation consisted in the decrease of albedo and permeability 
for atmospheric precipitation and their removal by drainage network. Thus, heat losses for evaporation (LE) 
compared to rural areas reduces standing even more important factor than the decrease of absorbed solar 
radiation. 
In the winter when expenditure of heat for evaporation is negligible, LE anomaly between Moscow and the 
Moscow Region does not exceed 1%. The solar energy flux also reduces significantly. In turn, anthropogenic heat 
emission into the atmospheric boundary layer increases because of seasonal reasons is the leading cause of the 
positive urban heat balance anomaly. 
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Figure 2. Interannual gas consumption dynamic in 
Moscow 
 
 
 

 
Figure 3. Anthropogenic heat emission (MJ/m2) in 
different urban zones of Moscow (fragment), 
January 

 
 

 
Figure 4. The structure of the urban heat balance 
incoming parts in Moscow (PJ = J××××1015)  

 
Figure 5. The structure of Moscow heat balance 
anomaly (compared to surrounding rural areas).  
dLE - decrease of evaporation heat loss; Qf - 
anthropogenic heat emission; dBk - increase of 
absorbed solar radiation 
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 NEW MEASUREMENTS OF THE ENERGY BALANCE COMPONENTS IN ŁÓDŹ 
Krzysztof Fortuniak∗, Kazimierz Kłysik and  Mariusz Siedlecki 

University of Łódź, Łódź, Poland 
 
 
Abstract 
 
The new point of eddy-covariance energy balance measurements have been worked in Łódź since June 2005.  
As previous system (worked in years 2000-2003) this point is located in the edge of urban core on the tower high 
above roof level (measurement height 42m). Similar vegetation cover and urban structure cause that the 
observations show consistent diurnal patterns of energy partitioning between two points. Dry autumn 2005 
resulted significant increase of Bowen ratio from ~2 in the summer to ~7 in the end of October. 
 
Key words:  urban climate, heat flux, eddy-covariance method 
 
1. INTRODUCTION  
 
The energy balance of any place determines local climate of its nearest surrounding. Recently the number of 
measurements of the components of the urban energy balance significantly increased. Still, there is a lack of the 
data which can be used to built and/or test parameterizations of the turbulent (and other ) fluxes for the urbanized 
areas. Measurements of energy balance components started in Łódź in November 2000 on initiative of Prof. 
Grimmond and Dr Offerle. The measurements point (Lipowa str.) located in west part of old core of Łodź provided 
full components of the energy balance up to August 2003 (Offerle at al., 2003, Offerle at al., 2005, Offerle at al., 
2006a). Moreover a few days experiments provided in August 2002 gave additional information on surface heat 
fluxes in different Łodź districts – postindustrial, residential and rural (Offerle at al., 2006b). A purpose of this 
paper is to present a new measurement point of the energy balance components set in Łódź in June 2005. Data 
gathered at this point are referred to the previous measurements.   
 
2. STUDY AREA 
 
Łódź (51o46'N, 19o27'E) is a second Polish largest city with population of approximately 750000. The city got 
municipal right in 1423, but it grew rapidly in 19 century. The population raised from less than one thousand  in 
1820 to 314,000 in 1897 and next to 605,000 in 1931. This rapid expansion was a result of good natural 
conditions and law regulations favorable for textile industry development. In the old centre of the city buildings 
constructed in this period are mainly 15-20 m high and make up an extensive, fairly homogenous and compact 
settlement of great density. The old centre is surrounded by new districts of blocks of flats, industrial and 
residential areas. Łodź is situated on the relatively flat, and only slightly inclined to the south-east (altitudes range 
from 180 m to 235 m a.s.l.). The absence of significant topographical features, such as lakes, rivers, valleys, 
mountains, or the sea allows urban effects to be discerned without interference.  
 
3. SITE LOCATION AND INSTRUMENTATION 
 
A new measurement point (88 Narutowicza str., 51o46'25"N, 19o28'50"E, 221 m a.s.l.) is located in a distance 
~2.8 km east from the previous one. It is still the central part of Łódź, but with slightly less compact settlement. 
There are two small parks in nearest neighborhood in west and east directions within a distance ~200m and 
~250m respectively. Moreover a relatively large green area starts in a distance of ~500m in south-east direction. 
Additional vegetation consist of many trees and lawns interspersed with buildings. Average trees cover within a 
0.5 km distance is ~22.5%, whereas total vegetation cover is ~35%. Trees are deciduous, 8–15 m tall but 
generally below building height. In the south-west sector dominate post-industrial sites with considerably less 
vegetation than in other sectors.  In the vicinity of tower most buildings are constructed of concrete with roofs of 
sheet metal or tar. The roads are paved with asphalt, concrete, or tiles.    
The measurement system is located on a 26 m tower mounted on the Institute of Physical Geography (IPG) 
building of the University of Łódź. The building (16m in height) is slightly lower than the surrounding ones: 
buildings from south, west and north sectors are approximately 1.5-2 m higher; building on the east is ~3 m higher 
and the other University building in NE direction is ~5 m higher. There are also some lower buildings in the 
nearest neighborhood of the measurement point. Estimating average height of the roughness elements as 
zH~17 m, the measurement height zs=42 m above ground level, is close to the roughness sub-layer height 
(Grimmond and Oke,1999). The simple rule of thumb: zd=fd·zH (Grimmond and Oke 1999) allows to evaluate a 
displacement height as zd~12 m (for fd~0.70) and roughness length for momentum as z0m~1.7 m (z0m=f0·zH, 
f0~0.1). For these values of zs and zd the overall mean of z0m determined for close to neutral stratification from the 
logarithmic wind profile (Grimmond et al. 1998): z0m = (zs-zd)·exp(-k·U/u∗) is close to 2.1 m. Observations of z0m by 
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wind direction (Fig. 1) show increase of z0m for directions characterized by taller upwind buildings and low values 
of z0m for south direction where flow is not disturbed by tall obstacles.  
The turbulent flux instruments are mounted above the top of the tower which minimize the influence of turbulence 
generated by wind blowing around the tower. Turbulent fluxes are measured with the eddy-covariance method 
using RM81000 sonic anemometer and KH20 krypton hygrometer connected to a 21X data-logger (Campbell 
Scientific Inc.). Data are stored in 15-min long files. For preliminary analysis turbulent fluxes are calculated for 
15 min intervals (with the time lag between the vertical velocity and KH20  signal based on the maximal 
covariance from the range ±2s) and combined with radiation data. The block-averages are used to compute the 
instantaneous fluctuations. Radiation components are measured by CNR1 radiometer (Kipp & Zonen) monitored 
with CR10X (Campbell Scientific Inc.) datalogger. The radiometer is made up of two pyranometers (CM3) 
measuring incoming and reflected solar radiation, and two pyrgeometers (CG3) measuring far infrared radiation 
from the sky and from the ground. Thus all components of Q* are estimated independently. Moisture and snow/ice 
accumulation on the sensors preclude measurements in bad weather. The extremely snowy winter 2005/2006 
caused that the valid data were gathered only in a few days in this season especially in January and February 
2006. Because of this the monthly ensembles are representative only for year 2005 characterized by much better 
data coverage.  
 

 
Fig. 1: Roughness length for momentum z0m [m] by wind direction 

 
 
4. RESULTS 
 
In the present work raw data stored in 15-min files are recalculated to improve results. The preliminary analysis of 
the online results shows a need of the coordinate system rotation – mean vertical wind speed is clearly non-zero 
for different wind direction (Fig. 2). In the post-processing the double rotation method (Kaimal and Finnigan, 1994) 
is applied. The method nullifies the vertical wind velocity for each averaging period. Third rotation is skipped as it 
can create unrealistic results (Mauder and Foken, 2004). The angle of vertical (second) rotation shows very 
similar dependence on the wind direction as w and 0.1m·s-1 of mean wind speed corresponds to rotation angle 
approximately about 2deg.  
 

 
Fig. 2: Mean (15 min) vertical wind 
speed by wind direction (before 
rotation). 

  
Fig. 3: Fluxes QH and QE calculated by averaging 4 
consecutive 15-min periods versus ones calculated as 
block-averages for 1 hr periods. 

 
Spectral analysis of the data (not shown) suggests that the minimum of spectral gap in the analyzed site falls for 
frequencies ∼1 hr-1 or even lower. The 15-minutes averaging period could be to short to cover low frequency 
variability. To verify this choice of the averaging period turbulent fluxes calculated by averaging 4 consecutive 15-
minutes periods are compared with results of block-averages for 1 hr period (Fig. 3). In average differences 
between fluxes calculated by two methods are very small: QH,4x15min – QH,1hr = –2.3 W·m-2 and  QE,4x15min – QE,1hr = 
–0.6 W·m-2. Their standard deviations are much more significant: 14.7 W·m-2 and 28.6 W·m-2 respectively. Thus, 
results depend on the choice of averaging period but the error is not only a simple bias expected due to a spectral 
loss. An averages errors ∼4% for QH and ∼7% for QE estimated by the regressions (Fig. 3) are in general lower 
than standard deviations. The method basing on 15-minutes block-averages gives much stable results than block-
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averages for 1 hr periods. Because of this it is used in further analysis. Fluxes are calculated using covariance 
with corrections: correction of the sonic temperature for humidity (Schotanus at al., 1983), oxygen cross sensitivity 
correction for krypton hygrometer (van Dijk at al., 2002), WPL correction for density fluctuation (Webb at al., 1980) 
and correction for spatial separation between the sonic and krypton hygrometer (Horst, 2003). 
 

 
Fig. 4: Five-day moving average of the energy balance components 

 
Temporal changes of the mean energy balance components measured at the new point (Fig. 4) are very similar  
to the annual pattern the components measured at the point at Lipowa str. in years 2001 and 2002 (Offerle at al., 
2006a). Five-day averaged turbulent sensible heat flux decreases from the maxim ∼80 W·m-2 in the summer to 
∼10 W·m-2 in the middle of October. In the same time, QE  changes from the ∼50 W·m-2 to ∼10 W·m-2. In contrast 
to QH, which closely follow the radiation balance in summer, the latent heat flux dose not increase in the periods 
of fine weather because of limited water sources. The increase of QH and QE in the winter attributed to the 
anthropogenic forcing is also consistent with measurements at Lipowa str., but winter results must be interpreted 
with caution because of low data coverage in this period. 
 
 

     

    
Fig. 5: Monthly ensemble diurnal energy balance fluxes for the period June 2005 – February 2006 calculated only 

for days possessing valid observations for QH and QE. 
 
Ensemble diurnal patterns in fluxes and daytime partitioning for each month show that as is typical for urban 
areas a turbulent sensible heat flux excesses the latent heat flux in the middle of the day (Fig. 5). Presented daily 
patterns are also in general agreement with results got for Lipowa str. Differences are of the order of variability 
between monthly ensembles in consecutive years. In September and October 2005 large number of days with 
fine weather results high values of Q* and QH. In the same time QE remains low because of small precipitation 
totals in fall 2005. As a result of release of the heat stored in a day QH remains positive after Q*  turns negative in 
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the late afternoon. This typical for urban areas feature (Oke, 1988) is also consistent with previous observations. 
Unlike Lipowa str. at the new point QH falls below zero in the nights for summer months dominated by fine 
weather conditions. Slightly altered diurnal course of the albedo in sunny summer days is another difference 
between two points (see Pawlak, 2006 – this issue).  
The variability of the Bowen ratio (β) for daytime hours  (9-15 hr) is reduced in summer due to vegetation (Fig. 6).  
Deciduous trees in neighboring parks and ones interspersed with buildings pump water deep from the soil and 
preclude high β values. In the end of summer less intensive vegetation results in increase of β. The highest 
values of β characterize a few days in the end of October during a very dry fall 2005. Leafless trees did not supply 
water from deep soil to the atmosphere and water fell in short rain episodes evaporated leaving surface soil very 
dry. As a result β recovered high values shortly after rain in this period. 
 

 
Fig. 6: Bowen ratio calculated for midday hours (9-15 hr) for days possessing valid observations for QH and QE. 

 
5. CONCLUSIONS 
 
Measured energy balance components are consistent between two measurement point in Łódź. It suggests that 
in both places sensors are placed high enough above the surface to ensure that the measurements do not reflect 
the localized microclimatic properties of the site (i.e., individual surfaces such as roofs, roads, lawns) but rather 
the integrated response of these facets (i.e., the entire neighborhood). Thus, measurements at both points can be 
regarded as representative for local scale, with horizontal length scales of about 102-103 m characterizing the 
edge of urban core of Łódź.  
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Abstract 
 
A field measurement on thermal balance and flow characteristics of a full-scale 2D canopy was done, and 
following phenomena were observed.  1) Air temperature distribution show the high irregularity due to the 
sunshade.  2) Linear relationships exist between wind speed U1m and convective heat transfer coefficient (CHTC) 
of most measurement points.  The linear regressions vary with the position and wind direction because of the 
advection effect caused by the unhomogeneous distribution of canopy surface temperature.  3) Spatial distribution 
of CHTC was different from those of former wind tunnel experiments.  It is considered to be the effect of the 
differences of arrangement of scalar source of canopy. 
 
Key words: Convective heat transfer coefficient (CHTC), canopy, re-circulation, skimming flow 
 
 
1. INTRODUCTION  
 

Convective heat transfer coefficient (CHTC) of an urban canopy is 
a crucial parameter for estimating the turbulent heat flux in an urban 
area. However it is yet still poorly understood in spite of many 
experimental works.  The reasons why former works cannot provide 
sufficient knowledge for modeling of CHTC of urban surfaces are as 
follows.  1) Most experimental works on CHTC of full-scale urban 
canopy surfaces cannot be compared with other measurement 
results or findings on turbulence above rough surfaces, because 
they focus on only the relation between CHTC of a particular point 
and wind speed but the characteristics of both thermal balance and 
flow pattern of whole urban canopy. 2) It is unknown whether the findings on mass transfer coefficient (MTC) of 
urban-like canopy based on wind tunnel experiment can be applicable to full-scale urban climate modeling or not, 
because full-scale measurement which can be used for verification has not done.  Under circumstances, we did a 
field measurement on thermal balance and flow characteristics of a full-scale urban canopy. 
 
2. EXPERIMENTAL DETAILS 
 

Figure 1 shows a photograph of the observed east-west canopy, which consists of two parallel same size 
buildings with a height of 11 meters, located in Tokyo, Japan, LAT 35.41oN, LIE 139.45o.  The ratio of building 
height to width of canopy (H/W) is 0.56, flow regime of which can be classified as skimming according to Oke 
(1987).  The ground surface has an inclination of about 3 degrees to the south.  Hereafter, we call the north and 
south building walls as N-wall and S-wall, respectively. 

We measured the distributions of air temperature and wind velocity in a vertical plane near the center of canopy 
using thermo couples and ultra-sonic anemometers.  In addition, meteorological condition, such as precipitation 
rate, global solar radiation and atmospheric radiation, were measured at the top of the south building.  Turbulent 
fluxes of momentum, heat, vapor and CO2 at a height of 1.8 times of a building (1.8H) were measured with a 3D 
ultra-sonic anemometer and an open path CO2/H2O analyzer.  Net radiation at a height of 1H of the center of 
canopy was also measured. 

CHTC of 3 points of both N-wall and S-wall was measured based on ‘SAT method’ and ‘direct method’ 
(Hagishima et al. 2005).  ‘SAT method’ is as follows.  A black-painted test plate (50cm x 50cm, hereafter SAT 
meter), consists of a heat insulator, is mounted on the target wall surface.  The sensible heat flux and CHTC are 
estimated using the measured incidental radiations, conductive heat flux and surface temperature of SAT meter 
based on the thermal balance equation.  Solar reflectivity (=0.07) and emissivity (=0.83) of SAT meters were 
previously obtained under various sky conditions.  ‘Direct method’ is almost same as the SAT method, but is 
directly based on the thermal balance of target wall surface.  Unfortunately the solar reflectivity of the walls could 
not be measured with appropriate accuracy, thus only the CHTC under the condition of incidental solar radiation 
below 1 W/m2 was adopted for analysis.  The experiment was from September to November 2004.  
 
3. EXPERIMENTAL RESULTS 
 
3.1. Thermal balance and temperature distribution of canopy 
 

Fig.1 Experimental site 

N-wall S-wall 
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Figures 2 indicate the daily variation of sensible heat flux of walls QH, net radiation Q* and wind velocity on two 
clear fine days.  QH is estimated based direct method. 

QH of sunshine N-wall indicates positive value in the daytime, and QH of N-wall at a height of 0.64H (hereafter, 
N-0.64H) is slightly smaller than others in the morning.  It may be caused by following phenomenon; 1) Wind 
speed near the N-0.86H is larger than others. 2) Since cold air generated by ground surfaces passes through just 

near leeward N-wall, the convective heat 
transfer at lowest measurement points (N-
0.46H) is encouraged due to advection effect. 

In contrast, QH of sunshade S-wall is almost 
negative and that of lower position is 
negatively larger.  And, QH of S-wall changes 
from negative to positive gradually in the 
daytime of November 25, when strong wind 
continuously blow from north.  It implies that 
the hot air generated by sunshine leeward N-
wall heated the sunshade S-wall due to re-
circulation.  Nextly, we show the typical pattern 
of air temperature distribution of morning of 
clear fine day in Fig.3. The hot and cold air 
masses are observed near the sunshine N-wall 
and sunshade ground surface. 
 
3.2. Relationship between CHTC and U1m 
 

Figures 4 show the relationships between 
CHTC and U1m under the condition of the 
temperature difference (DT=Tsurf-Tair) above 
1.5oC.  Linear relationship exists between wind 

Fig.4 Comparison of CHTCs of walls based on direct method and SAT method under various wind speed U1m. 
The data is under the condition of DT>1.5oC, north wind, and fine day.    Reference temperatures are defined by a value at a 
distance of 1 meter from walls.  Plots of SAT method contain only the time period when the surface temperature of surrounding 
wall is higher than air.  
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Fig.2 (b)  Wind speed and wind direction at 1.8H. 

Fig.2 (c) Estimated sensible heat fluxes of walls. 
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speed U1m and CHTCs of all 3 points of N-wall.  
Correlation coefficients between U1m and CTCH 
based on both two methods are above 0.89.  CHTC 
of N-0.45H based on SAT method is significant 
higher than that of direct method under the 
condition of U1m below 1m/s (p=0.1%). 

In contrast, CHTC of S-0.45H based on direct 
method is not well related to U1m, and most plots are 
negative.  Negative CHTC values mainly appear 
immediately after sunrise.  Thus this phenomenon 
may be caused by the re-circulation of hot air, which 
is heated by sunshine N-wall, and the cold 
reference air temperature affected by the cold 
ground surface.  CHTC of S-0.86H is positive and 
correlative to U1m linearly.  This result indicates that 
bending of profile of air temperature near the wall 
surface does not exist at 0.86H, because S-0.86H is 
far from cold air mass near the ground surface. 

The relations between CHTC of S-0.86H and U1m of both SAT method and direct method are almost same 
(p=0.1% significant).  It is different from the results of N-0.45H.  The main reason of this discordance should be 
caused from the temperature difference between SAT meter and surrounding wall.  The temperature difference 
between SAT meter and surrounding wall of the sunshine N-wall is about 30oC on the average; contrarily that of 
the sunshade S-wall is below 3oC.  Therefore, CHTCs of SAT meters on the N-wall should be affected scale effect 
under the weak wind condition. 

 
Subsequently, we compare the relationships between CHTC and U1m of various position and wind direction 

under the conditions of DT above 1.5oC, correlation coefficient above 0.7, the slope of linear regression is positive 
(Fig.5).  The differences among the noted linear regressions in Fig.5 are significant based on the analysis of 
covariance (p=0.1%). 

CHTCs of leeward N-wall increase with the height of measurement position gradually under the same reference 
wind speed U1m.  Those of windward N-wall show similar tendency.  CHTCs of windward S-wall also increase with 
height of position.  Increase of CHTC of both windward and leeward wall with height of position is basically 
consistent with the former full-scale measurement (Sharples 1984). 

The reason why CHTCs of highest N-0.86H are much larger than N-0.64H and N-0.45H under the windward 
condition is as follows; the roof of North building is about 1m higher than that of south building because of the 
gentle slope of site.  Thus south wind directly strikes the upper part of N-wall and encourages the convective heat 
transfer of the upper N-wall.  Contrarily, N-0.64H and N-0.45H with small CHTCs value are assumed to be in the 
re-circulation region. 

CHTC of windward S-wall is the largest and that of leeward N-wall is second.  CHTC of windward N-wall is the 
smallest.  

Larger CHTC of leeward N-wall may be caused by the advection due to the cold ground surfaces in comparison 
to CHTC of windward N-wall.  This supposition is in relation to the former wind tunnel experiment on mass 
transfer coefficient (MTC) of 2D canopy by Barlow et al. (2004).  They clarified that the MTC of leeward wall 
changed with the existence of scalar source of street.  Under the same windward condition, CHTC of S-wall is 
larger than that of N-wall.  Since south wind directly reaches the windward N-wall because of the ground slope, 
ventilation effect will work well on N-wall.  In contrast, windward S-wall may be affected re-circulation effect 
dominantly.  Such a difference of flow characteristics near the walls may be one of the reasons of disagreement 
of CHTCs of N-wall and S-wall. 
 
3.2. Relationship between CHTC and U1.8H 
 

We discuss the distribution of CHTC of canopy using the relationship between U1.8H and CHTC, CHTC deduced 
by SAT method and direct method under the condition of DT>1.5 and correlation coefficients above 0.7 are 
adopted for analysis (Fig.6).  The reference air temperature is defined as the measured value at a height of 1.5H.  
Since direct method does not use the data under the condition of solar radiation above 1 W/m2, the obtained plots 
are fewer than those of SAT method.  Consequently, 3 and 6 linear regressions with appropriate accuracy were 
obtained based on direct method and SAT method, respectively. 

Figure 6(a) indicates the results of direct method.  CHTCs of leeward N-0.45H is about 25% smaller than other 
two points, CHTCs of N-0.64H and N-0.86H are almost same.  This tendency is different from the relationships 
between CHTC and U1m, in which CHTC increases with height.  Since the relationships between U1.8H and U1m 
indicate that U1m at 0.64H is largest and that of N-0.45H is second.  Therefore Fig.6(a) is deduced from both 
distribution of wind speed near the wall and differences of CHTC – U1m. 

The distribution of CHTC based on SAT meter method shows totally different tendency compared with that 
based on direct method.  On the windward wall, the CHTC value is larger for higher positions (however U1m is 

Fig.5 CHTCs of walls based on direct method under various wind 
speed U1m.  All plots are under the condition of DT > 1.5oC. 

0

3

6

9

12

0 0.5 1 1.5 2
U1m [m/s]

C
H

T
C

 [W
/(

m2 K
)]

N-0.45H leeward N-0.45H windward
N-0.64H leeward N-0.64H windward
N-0.86H leeward N-0.86H windward
S-0.64H windward S-0.86H windward

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

70



almost constant with the measured height).  In 
contrast, the CHTC of the leeward wall peaks at a 
height of 0.64H but the difference of CHTC among 
3 points is small.  This tendency is similar to the 
results of former wind tunnel experiments (Narita 
2000, Chyu and Goldstein 1986) as shown in Fig.7. 

Chyu and Goldstein (1986) measured the MTC 
of a 2-D cavity, entire surface of which was coated 
with naphthalene.  Narita et al. (2000) measured 
the MTC of a 2-D canopy using wet filter paper 
with a length of H/6 and a width of H.  The filter 
paper's position on the model surface was 
changed for every measurement.  Thus small size 
wet filter papers are surrounded with the dry 
surface, and the measured MTC was affected by 
scale effect but not affected by the advection due 
to boundary condition of scalar source of canopy 
scale. 

Hence, the boundary condition of heat transfer of 
SAT meters of N-wall can be considered to be 
analogous to that of mass transfer of Narita et al. 
(2000).  Surface temperature of SAT meter is 
about 30oC higher than surroundings wall.  It 
implies that not the effect caused from the scalar 
boundary condition of canopy scale but the leading 
edge effect (scale effect) of small SAT meter 
should be the dominant factor of CHTC of SAT 
method.  Consequently, CHTCs of SAT method 
and MTC of Narita et al. (2000) show similar 
distribution. 

Disagreement between CHTCs of direct 
method and others can be explained by the 
differences of boundary condition of canopy 
scale.  The irregularity of temperature of 
canopy surfaces generates the hot and cold air 
masses in the canopy.  Such a distribution 
directly arises the advection effect and affects 
the convective heat transfer of canopy surfaces.  
Therefore the measured distribution of CHTC 
of real canopy based on direct method differs 
from those of former experimental study. 
 
5. Conclusions 
Observed thermal balance, temperature 
distribution and CHTC indicate that the CHTC 
is strongly affected by the temperature 
distribution of canopy scale.  
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Fig.6 CHTCs of leeward N-wall under various wind speed U1.8H 
under the condition of DT > 1.5oC.   

Reference air temperature is the measured value at 1.5H. 

(a) direct method 

(b) SAT method 

Fig.7 Distribution of CHTC of walls. 
CHTC is the value of the conditon of U1.8H of 4 m/s, deduced by the 
linear approximation shown in Fig.6.  MTC and CHTC are normalized by 
the averaged value of leeward wall. 
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Abstract 
 

Recent urban canopy models express the turbulent transfers as a network of resistances between the air and 
surfaces. However, there are very few studies about these resistances (or transfer coefficients) for urban surfaces. 
In this study, the local bulk transfer coefficients of regular cubic arrays were measured with outdoor scale model 
using a water evaporation method, and they were compared with the wind tunnel experiments using the same 
evaporation method. Besides, to check the analogy between heat and mass transfer, the mass transfer coefficient 
with the evaporation method was also compared with the heat transfer coefficient with a heat balance method about 
each face of the urban canopy. 

 
Key words: canopy model, heat balance, scale model experiments 
 
 
1. INTRODUCTION  
 

To simulate the heat balance of an urban area in detail, one should know the turbulent transfer from all active 
surfaces as well as the radiative fluxes. Recent urban canopy models, such as Masson’s (2000) TEB (Town Energy 
Balance) model, express the turbulent transfer as a network of resistances between the air and surface. However, 
there are very few studies that provide values of these resistances (or transfer velocity) for urban surfaces; therefore, 
the parameterization of these processes has been empirical or based only on the drag from vertical wind profiles 
above a series of street canyons (Kusaka et al., 2001). Comparisons with field data have been partially performed 
(Masson et al., 2002), however systematic validation of dynamic processes has been required particularly for 
turbulent fluxes.  

In this study, the local bulk transfer coefficient of regular cubic arrays was measured with outdoor scale model 
using a water evaporation method. This method has been already applied to wind tunnel experiments (Narita, 2003). 
One of the main purposes of this study is to compare the results of transfer velocity in wind tunnel with that of outdoor 
experiments in natural wind. And regarding the heat-mass transfer analogy, it has been validated only restricted 
condition such as horizontal surface. Therefore, the comparison of mass transfer coefficient (CE) with the heat 
transfer coefficient (CH) with heat balance method is another important purpose of this study. 
 
2. SCALE MODEL SITE 
 

In our scale model site ‘COSMO’ (Comprehensive Outdoor Scale MOdel experiment for urban climate), there 
are two kinds of scale model: larger one (1/5: 1.5 m cube) and smaller one (1/50: 0.15 m cube). Here, the results with 
the latter 0.15m cubic arrays in natural wind were compared with the wind tunnel experiments using the same 
evaporation method (model dimension = 0.05 m).  

This site is located in the campus of Nippon Institute of Technology, Saitama prefecture, Japan (36o01’N, 
139o42’E). The model surface geometry consisted of concrete blocks, regularly distributed on flat concrete plates 
(total area of 12 m x 12 m) with plane area density 0.25. 
The same concrete material was used for cubic block 
and basement. The reference wind speed and direction 
were measured with a compact sonic anemometer with 
0.05 m sensor-span and 50Hz sampling frequency (Kaijo 
TR90-AH). It was installed 11 m downstream from the 
fetch at a height of 0.3m (Z/H=2), where H is the cube 
height. Its position was changed seasonally considering 
dominant wind direction: NE in winter and SE in summer. 
Upward and downward short wave and longwave 
radiation were measured separately using a radiation 
balance meter (Eko MR-40) 0.7 m above the ground 
near the center. A total of 72 heat plates (0.05m x 0.05 m, Fig.1 Outdoor scale model site 

*Corresponding author’s address: Ken-ichi Narita, Nippon Institute of Technology, Department of Architecture, 
4-1, Gakuendai, Miyashiro, Saitama, 345-8501 JAPAN; e-mail: narita@nit.ac.jp 
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0.4-mm thickness; Captec HF-50) cover a unit of 
constituent surfaces including four vertical walls, roof, 
and floor. The whole surface is painted with same color 
to uniform the surface radiative properties.  
 
 
3. WATER EVAPORATION METHOD 
 

For the water evaporation method, we prepared 
the special acryl cubic models (Fig. 2). We pasted filter 
paper on this model surface and moistened it 
sufficiently but not so much that it drips. This wetted 
model was set in a scale model arrangement for twenty 
or thirty minutes, and the weight loss during this period 
was measured using an electric balance (resolution 1 
mg). The filter paper was 1 mm thick, and its side 
surfaces were treated with a waterproofing agent. A fine 
thermistor sensor having a diameter of 1 mm was 
inserted from the side surface just below the paper 
surface to measure evaporating surface temperature. 
During the weighing, the building model sample was 
packed in an airtight plastic bag.  

The total weight of the model was about 200 g for 
wall surface and 90 g for roof and floor, and the weight 
loss was typically about 1-6 g. Then the mass transfer 
velocity (Wt) or mass transfer coefficient (CE) was 
calculated as  
 

Wt =CEU= E / (ρs – ρa),          (1) 
 

where E is the evaporation rate [kgm-2s-1], U is the mean 
wind speed at reference height (2H) [ms-1], ρs is the 
saturated water vapor density at evaporating surface 
temperature [kgm-3], and ρa is the vapor density of the 
ambient air [kgm-3] measured using a thermistor and 
capacitive hygrometer at a height of 1.5 m. 
Measurements were recorded at 1 Hz for these 
temperatures and humidity. 

Measurements were conducted for five or six kinds 
of surfaces simultaneously including the roof surface 
every time (Fig. 4). Because the surface temperature is 
measured at only center part of filter paper, we avoided 
measuring about the partly shaded facets. All results in 
the current work were acquired with the condition of a 
local source, that is, only measured surfaces within the 
entire model were wet. Therefore, the boundary layer of a 
measured scalar (water vapor) is not developed like that 
of wind velocity. 
 
4. RESULTS 
 
4.1 Characteristics of natural wind 
 

At first, some characteristics of natural wind were 
analyzed. In field experiments, the effect of wind-direction 
fluctuation is important point for the comprehension of the 
results. Fig.5 shows the relation between standard 
deviation of wind direction and mean wind speed during 
each experiment (20 or 30 minutes). Fluctuation of wind 
direction is remarkable especially in calm condition: less 
than 1 ms-1. 
 
4.2 Test of the water evaporation method in outdoor 

experiments  
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The water evaporation method using filter paper 

has already tested indoor experiments and its 
experimental error was also estimated about 4% in the 
case of wind tunnel. However, when it is adopted in field 
experiments, there are some additional error factors to 
be required the consideration. Fig.6 is the result to check 
the effect of solar radiation. There is no clear 
dependency of the mass transfer coefficient on the solar 
radiation, which means surface temperature was 
measured precisely even beneath the sun. 
 
4.3 Mass transfer coefficient for the roof surface 
 

According to the comparison among reported 
full-scale measurements and wind tunnel experiments 
(Hagishima et al., 2005), the ‘absolute’ values of local 
bulk transfer coefficients have a scale dependency and 
are currently difficult to determine through a simple 
formulation. Therefore, we focus on the ‘relative’ values 
of the individual local bulk transfer coefficient, because 
such a relative values are expected to be robust and be 
irrespective of measuring method and scale (Kanda et 
al., 2005). As for the reference value, we select the 
transfer coefficient of the roof surface because it is 
insensitive both to wind direction and to the model 
density (Narita, 2003). 

Fig.7 shows the relation between mass transfer 
velocity for roof surface and mean wind speed at 
reference height. They show almost liner relationship. 
But if that so, it dose not pass through the origin and has 
an intercept. Therefore, the mass transfer coefficient has 
a wind speed dependency (Fig.8). In the range of less 
than 1 ms-1, the mass transfer coefficient increases 
steeply as the reference wind speed decreases. In windy 
condition, the mass transfer coefficient is almost 
constant. 
 
4.4 Normalized transfer velocity for the wall and floor 

surfaces 
 

In Fig.9, we show the change of the normalized 
mass transfer velocity due to wind direction for the wall 
and floor surfaces. As for the floor, they were divided into 
two groups: the facet between the models (Gap) and the 
facet of intersection. According to the result of Fig 8, the 
plots were distinguished by the wind condition. The 
definition of wind direction for each kind of facet is shown 

Fig.9 Change of the normalized transfer velocity 
due to wind direction for the wall and the floor 
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in the figure, respectively. 
In these figures, the results of wind tunnel 

experiments are also described as the smoothed 
curves. These were measured in the same density 
arrangement of 0.05m cube models with the same 
water evaporation method for every 15 degrees of 
wind direction. As for the wall surface, the mass 
transfer coefficient in windward condition is almost 
same as that of the roof surface. In the leeward 
condition, it decreases about 70% of the roof surface. 
On the contrary, the value for floor surface has a weak 
dependency on the wind direction about both Gap’ and 
‘Intersection’.  

The plots of outdoor experiments show the 
similar tendency to the curves of wind tunnel except for 
the calm condition. Concerning the absolute value of 
normalized transfer velocity by the roof surface, 
outdoor results were generally larger than that of wind 
tunnel.  

 
4.5 Heat-mass transfer analogy in city-like setting 

 
In order to check the heat-mass transfer analogy in such city-like setting, the heat balance method is also 

adopted in same outdoor scale model. The conductive flux was measure with heat flux plate and net radiation of 
each facet was calculated using radiation model (Kanda et al, 2005a). The comparison between the mass transfer 
coefficient and the heat transfer coefficient for the roof surface is shown in Fig.10. The heat transfer coefficient for the 
roof surface was in accordance with those of mass transfer, though their scalar boundary conditions were 
considerably different for each other. This result implies that the development of scalar boundary layer dose not 
significantly influence the local transfer coefficient at least for the roof surface. 

 
5. CONCLUSIONS 
 

The local bulk transfer coefficient for regular cubic array was measured by outdoor scale model experiments. 
We focused on the ‘relative’ values of local transfer velocity and its variation due to the wind direction. The reason 
why we take such a strategy is that these relative values are expected to be robust and irrespective of measuring 
method and scale. Here, the roof surface value is adopted for the reference. 

The results of such relative values with a water evaporation method show the similar wind-direction 
dependency to that of wind tunnel. However, the absolute value of this normalized transfer velocity is slightly different 
between outdoor experiment and wind tunnel. It needs moor consideration for this discrepancy. 

As for the heat-mass transfer analogy, the heat transfer coefficient with the heat balance method is quite agree 
with the mass transfer coefficient with the water evaporation method for the roof surface. 
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Abstract 
 
We have conducted mesoscale atmospheric model simulations with various scenarios for spatial representation 
of anthropogenic heating. In addition to conducting control simulations with no anthropogenic heating we have 
investigated profiles with spatial resolutions ranging from ~100 km2 (city scale) to less than1km2 (taxlot scale). At 
the coarser scales of analysis the anthropogenic heating magnitude is on the order of 10 to 100 Wm-2. At the finer 
scales it can reach more than 1000 Wm-2 over limited areas of the city. This presentation will summarize the 
results of these simulations and conclude with a discussion of practical issues and recommendations related to 
incorporation of anthropogenic heating profiles in mesoscale modeling of cities. 
 
Key words: waste heat, mesoscale modeling, anthropogenic heating 
 
 
1. INTRODUCTION  
Anthropogenic heating results from waste heat rejected from energy consuming activities within the urban 
environment. Key contributors to anthropogenic heating include heat emissions from vehicles and from electricity 
and natural gas usage in buildings. Various studies have established the importance of anthropogenic heating in 
affecting the thermal climate of cities (Kimura and Takahashi, 1991; Ichinose et al., 1999; Fan and Sailor, 2005), 
yet mesoscale modeling of cities often ignores this term in the energy budget or greatly simplifies it. Development 
of detailed anthropogenic heating profiles for a specific city is a time consuming process requiring a great deal of 
detailed transportation, and energy consumption data (Ichinose et al., 1994; Klysik, 1996). On the other extreme 
annual energy consumption statistics can be used to generate an estimate of spatially and temporally averaged 
anthropogenic heating. Recently, a top-down approach has been introduced that relies on aggregate data, but 
maps these data onto diurnal and seasonal profile functions that are somewhat representative of consumption 
patterns within U.S. cities (Sailor and Lu, 2004). This approach has been applied to over 60 cities and may 
represent a suitable compromise between spatial/temporal accuracy and level of effort. 
 
The goal of this paper is to determine what level of spatial detail is needed to adequately resolve the impact of 
anthropogenic heating on the urban climate. To accomplish this we have defined three levels of detail – the city 
scale average, urban land-use scale, and taxlot scale. We have conducted mesoscale model simulations with 
anthropogenic heating profiles corresponding to each of these scales as well as a control simulation with no 
anthropogenic heating. 
 
2. SIMULATION DETAILS 
The atmospheric model used in this study is the MM5 v3.6 with modifications for the inclusion of anthropogenic 
heating (Fan and Sailor, 2005). For the purpose of this study we focused on modeling the city of Houston TX, 
USA. As shown in Fig. 1 the simulation domain structure includes 5 nest levels with grid cell sizes ranging from 
1.33km in the innermost domain to 108km for the outermost domain. The vertical structure of the atmosphere was 
resolved using 35 variably spaced vertical levels. All simulations focus on a 36-hour period beginning 0Z on 
August 26, 2000. The simulations use the MRF boundary layer scheme, a multi-layer soil model, the RRTM 
atmospheric radiation scheme, and the Grell cumulous scheme for domains 1 and 2. While we have also 
conducted a series of simulations in which the anthropogenic heating is added to the substrate surface energy 
balance we only present results here for simulations in which the heating was added directly to the air above the 
surface. As discussed below, the depth into which this heating is initially mixed depends upon the urban land use 
subcategory. 
 
2.1. Control Simulation (NoQf) 
The control simulation formed the basis for all simulations. The only refinement applied to the control simulation 
was that instead of using the default 24-category USGS land use (with only one urban category) we used a more 
up to date representation of urban land use (we call USGS 24+6). This representation includes distinctions for low 
and high intensity variants of residential, commercial, and industrial land use and corresponding estimates of 
surface characteristics for these sub-categories of urban land use, as summarized in Table 1. This refinement 
was based in large part on the city of Houston’s GIS-based land use database (COHGIS). For the control 
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simulation anthropogenic heating was set to zero and the simulation is henceforth referred to as the NoQf 
simulation. 
 Table 1. Added subcategories of urban land use and their associated surface characteristics. 
 

Urban Subcategory Albedo Moisture 
Availability 

Roughness (m) 

25. Low intens. res. 0.16 0.10 0.25 
26. High intens. res. 0.14 0.08 0.50 
27. Low intens. com. 0.12 0.06 1.00 
28. High intens. com 0.10 0.04 3.00 
29. Low intens. ind. 0.12 0.06 1.00 
30. High intens. ind. 0.10 0.04 2.00 

 

 
Figure 1. Atmospheric model domain structure with five nested domains. Shading in the innermost domain (D5) 
indicates urban land use subcategories within Houston, TX. 
 
 
2.2. City-Scale Anthropogenic Heating (CityQf) 
The city-scale anthropogenic heating simulation (CityQf) used the USGS 24+6 land use categories described 
above to describe variations in surface characteristics only. Anthropogenic heating profiles were developed using 
the top-down methodology described in (Sailor and Lu, 2004) at the state level and scaled down to the city based 
on a simple population weighting scheme. All urban grid cells were then assigned the same anthropogenic 
heating profile. This profile had a peak value of 15.4 Wm-2 at a local time of 1500 and was uniformly distributed 
within the first 10m of the atmosphere as a source term in the energy budget. 
 
2.3. Urban Land-Use Based Anthropogenic Heating (LUQf) 
The urban land-use based approach (LUQf) developed anthropogenic heating profiles using a similar method to 
that of the CityQf scheme with the refinement that sector-specific (residential, commercial, and industrial) 
consumption data were used. For each category a low intensity and high intensity variant of land use was defined. 
For residential land use the differentiation was based on nocturnal population densities. For the commercial 
sector the differentiation was based on daytime population densities. For the industrial sector the differentiation 
was based on different subclasses of industrial land use as defined in COHGIS. A summary of the anthropogenic 
heating parameters for this simulation is given in Table 2. 
 
 Table 2. Parameters for anthropogenic heating in the LUQf simulation. 
 

Urban Subcategory Peak Value of Qf 
(Wm-2) 

Depth into which 
Qf is mixed (m) 

25. Low intens. res. 9.4 5 
26. High intens. res. 11.0 10 
27. Low intens. com. 11.1 10 
28. High intens. com 22.7 50 
29. Low intens. ind. 29.3 20 
30. High intens. ind. 71.1 100 

 
2.4. GIS-Based Taxlot Scale Anthropogenic Heating (GISQf) 
The COHGIS database created by theHouston city government has a wealth of information regarding land use, 
roadways, and building characteristics at the taxlot scale. Generation of anthropogenic heating profiles at the 
taxlot scale first required an estimate of the depth into which the heat input is mixed. For taxlots classified as 
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residential, commercial, or low intensity industrial the building height was used as this depth. For high intensity 
industrial this height was set to 100 m to account for the elevated emissions associated with industrial stacks.  
 
The magnitude of the anthropogenic heating profile was determined based on a combination of the top-down 
methodology and a detailed building energy model simulation procedure. Specifically, for the industrial sector, the 
top-down methodology was applied directly. For the residential and commercial sectors we defined prototypical 
buildings representative of the construction in Houston and simulated their hourly energy consumption rates. The 
resulting waste heat emissions from the prototypical buildings were then aggregated in proportion to the size and 
prevalence of each type of prototypical building within each grid cell. 
 
Utility and industrial power plants within the Houston area are typically located near chemical plants and 
petroleum refineries for co-generation.  Therefore, waste heat from individual utility power plants not included in 
the industrial sector were totaled and distributed over these tax lots.  A non-dimensional combined commercial 
and residential anthropogenic heating profile was applied to daily power plant waste heat because power plant 
fuel consumption is driven by the demand from these sectors. 
 
For the transportation sector US department of transportation statistics for per capita annual vehicle distance 
traveled was combined with Texas Department of Transportation data and COHGIS roadway length and type 
data to create anthropogenic heating magnitudes for the transportation sector. These data were then mapped 
onto a prototypical diurnal profile function. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Anthropogenic Heating Profiles 
The anthropogenic heating profiles were developed such that the average of these profiles over the entire city is 
essentially the same regardless of the scale of analysis. The differences lie primarily in the spatial distribution of 
heating. This spatial differentiation is particularly evident in the industrial land use cells of the LUQf and GISQf 
runs. Figure 2 illustrates the spatial variability of anthropogenic heating at the 2 scales of analysis. 
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Figure 2. Anthropogenic heating profiles for Houston at the (a) landuse category scale; and (b) taxlot scale at 
1200 local time. Light gray is < 10 Wm-2; medium gray is between 10 and 50 Wm-2; and dark gray is > 50 Wm-2. 
 
3.2. Near-surface Air Temperatures 
To conform with space limitations we limit the presentation of results here to just an analysis of near surface air 
temperatures at a few specific simulation times. Figure 3 illustrates the impact that detailed anthropogenic heating 
profiles have on the resulting near-surface air temperatures at 0600 local time within the city. While the CityQf 
simulation shows relatively uniform warming of 1.0 to 1.5 oC over a large portion of the city, the LUQf and GISQf 
simulations both show a concentration of heating in the industrial zone along the Houston ship channel, with 
warming on the order of 2 to 5 oC, respectively. This finding is representative of results in the evening hours. 

(a) (b) (c)(a) (b) (c)

 
Figure 3. Temperature perturbation contours relative to the control simulation at 0600 local time for (a) CityQf; (b) 
LUQf; and (c) GISQf. Contour lines spaced every 0.25 oC. 
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Figure 4 demonstrates that this phenomenon is less prevalent in the daytime hours when the mixing depths are 
substantially larger and the anthropogenic heating is better mixed. At 1200 local time the warming associated with 
the addition of anthropogenic heating is relatively uniform for both the CityQf and LUQf simulations with a 
warming on the order of 0.25 to 0.5 oC over large portions of the city. The GISQf simulation still contains pockets 
of extreme warming (> 4 oC) associated with the inclusion of power plant generation within the high intensity 
industrial land use mixed into a fixed 100m depth. The LUQf simulation, in contrast, distributed this power plant 
waste heat over both low and high intensity industrial land use (effectively diluting it). 

(a) (b) (c)(a) (b) (c)

 
 
Figure 4. Same as Fig. 3 for 1200 local time. 
 
 
4. CONCLUSIONS 
 
Anthropogenic heating can vary significantly in both space and time. In a city such as Houston this spatial 
variability is punctuated by petrochemical and other industrial areas with very high levels of energy consumption 
and heat emission. As many industrial and power plant emissions of heat are exhausted vertically out of a stack it 
is important to take into account an appropriate estimate of effective stack height for such emissions. In 
mesoscale atmospheric modeling of Houston we have found that the inclusion of city-scale anthropogenic heating 
within the model results in a significant heat island effect throughout the city – relative to a control run in which 
anthropogenic heating was turned off. The magnitude of this effect was approximately 1.5 oC in evening and early 
morning hours and on the order of 0.25 oC during the day. The inclusion of better spatial detail of heat input – 
either at the land use scale or at the taxlot scale – resulted in accentuated heat islands over heavily industrial and 
dense commercial areas of the city with localized warming that was double the values obtained from the city-scale 
analysis. 
 
The level of effort required to estimate city-scale anthropogenic heating is significantly less than that required to 
produce tax-lot level anthropogenic heating data. While the high spatial resolution data is aggregated up to the 
grid cell level for the model runs it does reveal areas of intensified energy consumption that are less resolved at 
the land use scale and not evident in the city-scale analysis. As a result the inclusion of high spatial resolution 
data – either using the land-use approach or the taxlot approach is particularly important for a city such as 
Houston. In cities with significantly less industrial consumption and no major power generation facilities within the 
urban domain it is expected that the additional effort required by these methods may not be justified by the 
resulting changes in anthropogenic heat distribution or spatial characteristics of the resulting urban heat island. 
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MICRO SCALE CLIMATOLOGICAL AND AIR QUALITY MODIFICA TIONS  
DURING A FAIR-SIZED EVENT 

Sascha Henninger* 
University of Koblenz-Landau, Campus Koblenz, Germany 

 
 
Abstract 
 
Micro scale thermal-climatic effects of a fair-sized event have been analyzed in Bad Ems, Germany (50°25`N, 
7°45`E) which was frequented by about 180,000 people  within three days. In addition to the meteorology, mobile 
air quality measurements were taken to determine the influence of a closure of the streets during such an event. 
 
Key words: urban climate, urban air quality, mobile measurements 
 
 
1. INTRODUCTION 
 
How built-up areas are affected by an open area (e.g. urban parks, urban forest areas) in terms of local climate air 
is part of the applied urban climate research (Weber and Kuttler, 2003; Weber et al., 2004). These investigations 
were focused on the production, transportation and quality of cold local air, which can have a positive effect on 
thermal conditions and air quality in built-up areas (Horbert, 2003). Up to now, there are less investigations which 
indicate what causes thermal-climatic changes in open areas because of a great number of people during a large-
scale event lasting a couple of days (Henninger and Kuttler, 2005). 
 
2. PURPOSES 
 
Thermal and air quality changes were investigated within the urban area of Bad Ems, Germany (50°25`N, 7° 45`E; 
Rhineland-Palatinate; 10,000 inhabitants; A = 15.36 km2), based on 180,000 visitors during the course of the so-
called “Rheinland-Pfalz-Tag” (June 10th – June 12th 2005). Part of this investigation was the question which effect 
the metabolic heat flux density (Qmet = mean state of activity = 200 W person-1; Hupfer and Kuttler, 2005) has 
upon the local climate by neglecting the influence of the anthropogenic heat flux density (Qanthr), of the heat 
generating systems (e.g. stage lighting, electric generators etc.) and the sales booths. Also a part-time closure of 
the urban area for the whole traffic was used to get a verifiable improvement of the air quality situation within the 
urban canopy layer. 
 
3. MEASURING METHODOLOGY 
 
Within the period from June 9th to June 13th 2005 there were four different locations within the event site where air 
temperature and air humidity have been measured (3.50 m a.g.l.; black items, fig. 1). These stations were 
supplemented by a rural resp. a suburban background station in the western and eastern city outskirts (air 
temperature, air humidity, wind speed, wind direction; 3.50 m a.g.l.; black crosses, fig. 1). Hourly semi-mobile air 
temperature measurements taken by foot completed the measuring network (2 m a.g.l., dashed line, fig. 1). The 
air quality indicators (CO2, CO, NOx, O3 and PMx) were determined with the aid of the mobile laboratory of the 
Dept. of Applied Climatology of the University of Duisburg-Essen, Germany (transect = solid line, fig. 1). For the 
comparison of the air quality of the city a CO2 analyzer had been installed in the western city outskirts. 
 

 
 
Fig. 1 
Street map of the city of Bad Ems, Rhineland-Palatinate, Germany (black 
line = mobile air quality measuring route; dashed line = semi-mobile air 
temperature measuring route; black items = urban meteorological stations; 
black crosses = suburban (left) resp. rural station (right)) 
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4. TEMPERATURE MEASUREMENTS 
 
The measuring period was characterized by clear and calm weather conditions (wind speed ≤ 1.5 m s-1). The 
main event site was positioned in a spa garden (A = 2.25 ha). So the shadowing effect of the trees was 
responsible for a higher hourly average air temperature of 1.3 K before (June 9th) and after (June 13th) the fair-
sized event at the rural/suburban stations (fig.2). 
 

 
 
 
Fig. 2 
∆tevent site – rural station before (June 9th) and after (June 13th) the 
„Rheinland-Pfalz-Tag“; at 10 a.m. and 11 a.m. 
 
 
 
 
 
 
 
 

Throughout the “Rheinland-Pfalz-Tag” a reversion in the course of the average air temperature of more than 3 K 
was being detected, which was identified by an average overheating of the event site of 2 K (∆t = event site – 
rural station). Exemplarily, fig. 3 indicates the reversion of ∆t for the first day of the event (June 10th) in relation to 
the increasing amount of visitors, which was at least nearly 10 K between 5 p.m. till 10 p.m. 
 

 
 
 
Fig. 3 
∆tevent site – rural station for the first day of the „Rheinland-Pfalz-Tag“ in 
relation to the increasing number of visitors from 5 p.m. till 10 
p.m. (June 10th)  
 
 
 
 
 
 

 

The highest differences of the average hourly air temperature were obtained during the afternoon peak of visitors 
along the sales booths within a street canyon (4.8 K; 4 p.m.) and during the music events in the evening hours 
(7.2 K; 11 p.m.). Because of calm atmospheric conditions (v ≤ 1,5 m s-1) and a sufficient safety distance of more 
than 30 meters to all other heat generating systems (stage lighting, electric generator etc.), Qmet must be 
considered as an additional modifying energy source of the daily air temperature course. So the value of Qmet 
reached more than 50 W m-2 for the peak hours when approx. 3,500 persons h-1 met in the auditorium in front of 
the main stage (A = 0.7 ha; fig. 4). 
 

 
 
 
 
Fig. 4 
Air temperature profile along the semi-mobile measuring route 
(railway station – spa garden – city center) at 10 p.m. and 11 
p.m. (June 11th) 
 
 
 
 
 
 

 
4. AIR QUALITY MEASUREMENTS 
 
Mobile air quality measurements (June 11th: 9 a.m. - 7 p.m.) indicated an obvious differentiation of the 
concentration of the air quality indicators (CO, NOx, O3) before (9 a.m., fig. 5) and during the closure of the streets 
(e.g. 10 a.m. till 12 a.m.; fig. 5).  
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Fig. 5 
CO2 concentration along the measuring route before (9 a.m.) and 
at the beginning of the closure of the streets from 10 a.m. till 12 
a.m. (June 11th)  
 
 
 
 
 
 
 

Solely CO2 rose proportionately to the number of visitors (r2 = 0.85) during the closure of the streets. 
Independently from other local emission, e.g. traffic density, but also long range transport, and due to a wind 
speed ≤ 1 m s-1 the CO2 mixing ratio within huge crowds of people rose in comparison to the rural station about 
40 ppm to a maximum of 412 ppm. Exemplarily this is shown for 4 p.m. because an entertainment program was 
offered within a specific route section and the mobile laboratory had to travel through the auditorium (fig. 6). 
 

 
 
 
Fig. 6 
Courses of CO2, CO and NO along the measuring route in the 
city of Bad Ems, Rhineland-Palatinate, Germany, during the 
closure of the streets at 4 p.m. (June 11th) 
 
 
 
 
 
 
 

 

Beneath the CO2 there was also an obvious dependence between places with huge crowds of visitors and PM10 
(r2 = 0.71). Amazingly, the daily maximum (PM10 = 136 µg m-3) could also be detected during the closure of the 
streets. A correlation of CO2 and PM10 (r

2 = 0.64) was obtained at places where many people walked along the 
closed streets and caused local micro scale turbulences of the particles (fig. 7). 
 

 
 
 
Fig. 7 
Courses of CO2 and PMX along the measuring route in the city of 
Bad Ems, Rhineland-Palatinate, Germany, during the closure of 
the streets at 5 p.m. (June 11th) 
 
 
 
 
 
 
 

 
5. CONCLUSION 
 
The measurements on the “Rheinland-Pfalz-Tag” in Bad Ems, Germany, have shown that not only the micro 
scale climate but also the air quality is being influenced by huge crowds of people which cause current obvious 
modifications. So a strain due to the overheating within the limited area could be proven, which could be able to 
influence the human organism more or less because of the specific length of the term. It could also be stated that 
the concentration of e.g. PM10 could not be removed only by measures of traffic calming. Turbulences caused by 
a huge crowd of people were sufficient for the increasing average values of PMX. So this investigation could start 
the urban planning to think about this problem: It is not possible to solve the problem of reducing PMX only by the 
closure of streets or traffic calming. 
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Abstract 
 
A multi-scale numerical simulation system for urban meteorology and building energy analysis, named MM-CM-
BEM, was developed and applied to the Greater Tokyo area in Japan. And its basic performance in 
meteorological and building energy simulation was confirmed through comparisons of computational results with 
observations. Then, the sensitivities of the interaction between air temperature and air-conditioning waste heat 
from buildings were analyzed to quantify the intensity of the positive feed-back process between them. As a result, 
the positive feed-back interaction between the air temperature and the air-conditioning waste heat was estimated 
to contribute to less than 10% of the urban warming under typical urban canopies over summer Tokyo metropolis. 
 
Key words:  urban heat island, anthropogenic heat, positive feed-back interaction 
 
 
1. INTRODUCTION  
 
At the beginning of the 21st century, the world comes near to having more urban dwellers than rural ones for the 
first time in history. Especially, intensive urbanization progresses in Asia. According to the United Nations, more 
than 60% of the increase in the world‘s population during next 3 decades (2 billion persons) is forecasted to 
concentrate in urban regions of Asia, especially in low latitudinal Asian cities in China and India. Such Intensive 
urbanization has a possibility to induce heat island phenomena and to cause the increase in building energy 
demand for cooling. This increase in energy demand could result in not only additional generation of waste heat 
but also further intensification of heat island itself. And in this vicious cycle, the increase in fossil fuel consumption 
and its consequent growing in CO2 emission will be induced to meet growing demands for air-conditioning.  
Based on the above perspectives, and in order to quantify the impacts of heat island phenomena both on the 
thermal environment and the energy consumption in Asian cities, we have developed a multi-scale numerical 
simulation system, which can predict the urban meteorological fields and their responding citywide energy 
demands for air-conditioning simultaneously (Kondo et al.(2005), Kikegawa et al. (2006)). 
In this study, we applied our simulation system to the Greater 
Tokyo area, and investigated its performance through 
comparisons of computational results with observations. 
Sensitivities of the interaction process between air temperature 
and air-conditioning waste heat which forms the 
abovementioned vicious cycle were also analyzed under urban 
canopies over summer Tokyo metropolis. 
 
2. THE SIMULATION SYSTEM 
 
Our simulation system consists of three numerical models as 
shown in Figure1. Those are MM, CM, and BEM. MM is a 
three-dimensional mesoscale meteorological model which 
adopt the Boussinesq approximated equations with the 
hydrostatic assumption. In the surface boundary layer, Monin-
Obukhov similarity theory is used to calculate the surface 
fluxes of heat and momentum over rural area. As for the urban 
area, CM is introduced to take account of the urban canopy 
effects on the boundary layer. 
CM is a multilayer one-dimensional urban canopy model 
(Kondo et al., 2005). Considering the vertical grid including 
buildings as a porous medium, CM adopts one-dimensional 
diffusion equations for momentum, potential temperature, and 
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specific humidity. The complicated radiation process in the urban canyon is also considered by simplified methods. 
For the consideration of the dynamical variations of the anthropogenic heat released from buildings, BEM was 
developed (Kikegawa et al., 2006). BEM is a simple sub model for building energy analysis. BEM can express the 
response of the air-conditioning energy consumption and its consequent waste heat emission to the canopy 
meteorological condition predicted by CM. On the other hand, CM considers the feedback process of buildings’ 
anthropogenic heat to canopy atmospheric heat balance. Thus, the CM-BEM combined model can simulate the 
interaction process between the meteorological conditions including air temperature and the air-conditioning 
waste heat in the urban canopy layer as shown in 
Figure 2. The CM-BEM combined model is also 
coupled with MM by a bi-directional scheme. 
 
3. PERFORMANCE OF THE SYSTEM 
3.1. Simulation Conditions 
 
Applying the simulation system (hereafter abbreviated 
to MM-CM-BEM) to the Greater Tokyo area, numerical 
experiments were conducted to check its performance. 
The computational domains adopted in the 
experiments are shown in Figure3. MM was one-way 
nested from a lager domain with about 10km grid 
resolution to a smaller domain with about 2km grid 
spacing. The lager domain includes the central part of 
Japan, and smaller domain contains Tokyo. To the 
core part of Tokyo, that is, the 23 wards area, the CM-
BEM combined model was applied as a surface 
boundary layer model. Also, the initial and boundary 
conditions were set for MM-CM-BEM as shown in 
Table1. As for parameters with relation to the air-
conditioning energy simulation by BEM, the setup was 
done as shown in Table2. 

 
3.2. Performance in meteorological 

simulation 
 

In a grid located at the core of Tokyo, the MM-
CM-BEM computational results were compared 
with meteorological observations. The referred 
grid is located at Kanda area, one of the 
central commercial and business districts near 
the imperial palace (Fig.5). In Kanda grid, a 
constant meteorological observation is done by 
AMeDAS, which is the abbreviated name for 
Automatic Meteorological Data Acquisition 
System of Japan Meteorological Agency. Usually, AMeDAS observations are conducted in the open flat fields 
covered with the short-grass. So, its observations could be under little effects of urban canopy. Therefore, in order 
to obtain actual meteorological data within urban canopy layer, we made multi-site observations in Kanda area 
using bicycles. We carried out 24 hours observation from noon on 29 to 30 July in 2002, which corresponds to the 
last 24 hours in the simulation period shown in Table1. 
Figure 4 shows the temporal variations of the observed and simulated surface air temperatures in Kanda gird. 
The surface air temperatures measured at the bottom of Kanda urban canyon by multi-site observation are 
indicated as hourly average ones with higher values than those measured by AMeDAS. Those higher 
temperatures within urban canyon were considered to suggest the thermal effects of urban canopy, and well 
reproduced by MM-CM-BEM as shown in Figure 4. During almost all of the comparison period, temperatures 
computed by MM-CMBEM show much better agreement with multi-site observations compared with those 

Fig.3 Computational domain 

Fig.2 Schematic illustration of the interaction  
process between air temperature and  
waste heat in urban canopy layer 

Tab.2 Parameters setup in BEM calculation 

Tab.1 Initial and boundary conditions for MM-CM-BEM 

Smaller domain (2km grid)

Domain of  MM:  one-way nesting

Larger domain (10km grid)

Central Part of Japan

100km

Tokyo

23 wards area of Tokyo

2km grid

Domain of CM-BEM

Tokyo Bay

Cooling load

Waste heat
W→  W + ∆W
( W = Q + E)

 Electric power consumption

E →  E + ∆E

Temperature in
urban canopy layer

T →  T + ∆T

Building

Solar insolation
Q →  Q + ∆Q

Temperature sensitivity of E   = ∆E / ∆T

Office building canopy Residential canopy

Constitution of
heat source

(1)Gas-fired absorption hot and chilled
    water generator with cooling tower : 33%
(2)Air-source heat pump : 25%
     (centralized system)
(3)Air-source heat pump: 42%
     �idecentralized system�j

•Air-source heat pump : 100%
 (packaged system)

Period of
operation

0900JST �  ̀2100JST
(Continuous operation)

0800JST �  ̀2300JST
(Intermittent operation)

Target temp. &
humidity

Temp. = 26°C , Humid. = 50% Temp. = 27°C, Humid. = 6 0%

Position of
heat exchanger

Heat source (1) & (2) : Rooftop of building
Heat source (3)           : Each story of building

Each story of house

Wall : window coverage = 33% Wall : window coverage = 18%

Physical
Property

Others

Land & surface
cover Ground : vegetation covergae is set for each canopy.

Albedo : concrete 0.2, window 0.4�@�@�@Emissivity : window 0.87, others 0.97

Air-
conditioning

system

Integration period 1100JST 20 July �  ̀1000JST 30 July in 2002

Initial & lateral boundary
conditions for atmosphere

Obtained from JMA GPV-MSM

Short-wave downward
 radiation

Calculated based on Kondo’s formula using
sunshine duration measured by AMeDAS

Long-wave downward
radiation

Calculated based on Kondo’s formula using
cloud amount in GPV-MSM

Initial wall & roof
 temperature

28°C

Initial soil temperature 29°C
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obtained from the stand-alone simulation by MM, which were 
simulated by a slab type urban model without urban canopy 
effects. The above results led us to conclusion that MM-CM-BEM 
with an urban canopy and building energy sub-model was able to 
reproduce the urban surface air temperature under the thermal 
effects of urban canopy and anthropogenic heating. 
 
3.3. Performance in building energy simulation 
 
Next, MM-CM-BEM was checked from the aspect of the regional 
air-conditioning energy demand prediction. The actual data on the 
hourly electric power consumption in Kanda & Suginami area 
during 2002 summer were provided by Tokyo Electric Power 
Company. Suginami is another referred area for model verification, 
and a typical residential district which consists of low-rise wooden 
detached dwellings, whereas Kanda is occupied by reinforced 
concrete constructions for office and commercial use (Fig.5).  
Based on the above data, the sensitivities of the regional electric 
power demands for air-conditioning to the AMeDAS surface air 
temperatures were analyzed using the simple linear regression 
method. Figure 6 shows an example of the analyses, and indicates 
that the per-floor-area sensitivity has a value of 1.69 W/floor-m2/°C 
at 1400LST in Kanda area. This result means that the per-floor-
area consumption of electric power increases by 1.69W for air-
conditioning use with 1°C temperature rise. Followi ng the method 
shown in Figure 6, hourly per-floor-area sensitivities on weekdays 
in 2002 summer were analyzed both for Kanda & Suginami area. 
On the other hand, sensitivities were also analyzed based on the 
MM-CM-BEM computational results using the same method as 
shown in Figure 6. Correlations were analyzed between the 
simulated surface air temperatures and predicted per-floor-area 
cooling electric power consumption in Kanda & Suginami grids, and 
those temperature sensitivities were calculated. Figure 7 shows 
comparisons of actual temperature sensitivities of per-floor-area 
consumption of cooling electric power with those simulated by MM-
CM-BEM. The temporal variations of simulated sensitivities were 
nearly in good agreement with those of actual ones both in Kanda & Suginami grids. This result suggested that 
MM-CM-BEM was able to reproduce the contrastive dependence of regional air-conditioning energy demands on 
air temperatures between business and residential districts reasonably. Based on the above analyses, the validity 
of MM-CM-BEM in building energy simulation was also confirmed  

 
4. INTERACTIONAL SENSITIVITY BETWEEN AIR TEMPERATURE AND ANTHR OPOGENIC HEAT  
 
MM-CM-BEM was lastly applied to the sensitivity analysis of the interaction process between air temperature and 
waste heat in the urban canopy layer. The analytic method shown in Figure 8 was adopted. 

Fig.4 Observed and simulated surface air- 
temperatures in Kanda gird during the last 
24 hours in the simulation period. 

Fig.5 Grids used for model validation 

Fig.6 Relation between the surface air temperature and the 
electric power consumption in Kanda area at 1400LST 
during weekdays from June to September in 2002. 

Fig.7 Actual and simulated temperature sensitivities of per-floor-
area consumption of electric power for air conditioning in 
Kanda & Suginami area during weekdays in July, 2002. 
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Firstly, SW (= the sensitivity of sensible waste heat to surface air temperature) was analyzed based on the same 
computational result and regression method used for the sensitivity analysis of cooling energy demand shown in 
Figure 7. As results, SW was hourly estimated to be in the range of 0 to 13.7 with the daily average of 5.8 
W/ground-m2/°C for Kanda grid. As for Suginami grid, t he corresponding values were computed to be 0.9, 2.5, 
and 1.6 W/ground-m2/°C, respectively. Those S W corresponded to up to 5 % of the hourly mean quantity of total 
sensible waste heat in Kanda, and to around 9 % of that in Suginami as shown in Figure 9.  
Secondly, ST (= the sensitivity of surface air temperature to sensible waste heat) was investigated. The sensible 
waste heat from the air-conditioning systems was manipulated and varied in additional simulations with the ratios 
of ±10%, ±30%, and ±50% compared to that in the standard case simulation with the conditions shown in 
Table1&2. Then, using all of the results of the standard case and waste-heat-manipulated simulations, 
correlations were analyzed between the computed surface air temperatures and sensible waste heat in Kanda & 
Suginami grid, and ST was hourly quantified as the slope of regression line which represented simulated  
dependence of the surface air temperatures on anthropogenic heat in MM-CM-BEM. Figure 10 shows the 
temporal variations of the computed ST, which indicated larger nocturnal sensitivities compared to diurnal ones 
with relation to atmospheric stability in the boundary layer including the urban canopy layer. 
Finally, the interactional sensitivities (= SW ×ST) were calculated as shown in Figure 11 with daily maximum values 
at morning time (8 to 9AM) both in Kanda and Suginami grids. In conclusion, the interaction process between the 
air temperature and the air-conditioning waste heat, which is often referred to as a ‘vicious cycle’, was estimated 
to contribute to less than 10% of the urban warming well known as ‘heat island’ under typical urban canopies over 
summer Tokyo metropolis. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. CONCLUSIONS 
 
In this study, it was confirmed that our multi-scale simulation system named MM-CM-BEM was able to reasonably 
reproduce the surface air temperatures and their responding building energy demands for air-conditioning under 
typical urban canopies in summer Tokyo. And the intensity of the positive feed-back interaction between air 
temperatures and air-conditioning waste heat was finally quantified. 
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Meteorology, 116/3, 395-421. 
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Fig.8 Method of interactional sensitivity analysis between air  
temperature and sensible waste heat in urban canopy 

Fig.9 Simulated Sw in Kanda & Suginami area during weekdays 
in July, 2002. Sw is indicated as hourly mean percent ratio 
to total sensible waste heat flux in Kanda & Suginami area. 
Error bars indicate hourly standard deviations of Sw. 

Fig.10 Simulated St in Kanda & Suginami 
area during weekdays in July, 2002. 

Fig.11 Simulated St×Sw (interactional sensitivity 
between surface air temperature and 
sensible waste heat) in Kanda & Suginami 
area during weekdays in July, 2002. 
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ENVIRONMENTAL IMPACT OF URBAN HEAT ISLAND 
 -Cause-effect chain and impact on energy consumption- 

 
Yoshiyuki Shimoda, Daisuke Narumi, Minoru Mizuno 

Division of Sustainable Energy and Environmental Engineering, Osaka University, Osaka, Japan 
 
 
Abstract 
Urban heat island causes various kinds of impacts to human health, urban ecosystem, energy/water consumption 
and local/global environment. In this paper, cause-effect chain which shows the relationships between urban heat 
island phenomena and its impacts are shown in the chart. Adaptation measures for the urban heat island are also 
discussed. Focusing the impacts on energy consumption, the relationships between air temperature change and 
building energy use is predicted by the numerical simulation. The results show that the change of energy 
consumption by urban heat island is small since the increase in cooling is compensated by the decrease in 
heating and hot water supply. 
 
Key words: environmental impact, adaptation, energy consumption. 
 
 
1. INTRODUCTION  
Urban heat island causes various kinds of impacts to human health, urban ecosystem, energy/water consumption 
and local/global environment. The impacts of urban heat island phenomenon on energy consumption, human 
activity and ecosystems have already been obvious in Japanese large cities. To discuss importance of urban heat 
island mitigation measures, to search appropriate mitigation measures and to propose adaptation measures, it is 
necessary to identify and quantify urban heat island impacts such as change in energy use (cooling, heating and 
hot water supply), change in water use, heat stress, damage to urban ecosystem, air pollution, change in 
precipitation and floods, etc. These impacts have close interrelationships with others. In addition, observing urban 
heat island impacts is also important to assess the impacts of global warming in the future.  
Firstly in this paper, cause-effect chain which shows the relationships between urban heat island phenomena and 
its impacts is discussed and shown in the chart. Adaptation measures for the urban heat island are also 
discussed. The latter part of this paper, change in energy consumption in residential and commercial sector is 
evaluated quantitatively by end-use energy simulation model developed by the authors. 
 
2. ENVIRONMENTAL IMPACT OF URBAN HEAT ISLAND AND ADAPTATION MEASURE 
 
2.1 Cause-effect chain of urban heat island and its impacts.  
An urban heat island phenomenon has been observed across the world. However, the most serious impacts on 
human activities occur in large cities in tropical or warm regions such as Japan. Therefore, the observation of the 
impacts is very important to discuss the importance of urban heat island mitigation measures. In addition, there 
are the other kinds of impacts such as impacts on urban ecosystem, energy consumption and local/global 
environment; and these impacts have close interrelationships with others. 
The authors (Shimoda et. al, 2005) proposed the cause-effect chain chart as shown in the figure 1. This chart 
helps people to understand the mechanism of the occurrence of heat island’s impacts and the seriousness of the 
urban heat island phenomena. 
 
2.2 Adaptation measures for urban heat island 
There are many difficulties for urban heat island mitigation measures such as change of land use pattern, 
greening of buildings and energy saving. For example, enormous cost is required to decrease urban air 
temperature by these measures. In addition, air temperature is also expected to rise due to global warming. 
Therefore, even the mitigation measures against urban heat island and global warming in the future is taken into 
account, air temperature increase in some degree is seems to be unavoidable in the large cities all over the world. 
In the abovementioned situation, not only the mitigation measures, adaptation measures against urban heat 
island should also be considered and studied. Adaptation measure is a measure to reduce the degree of the 
impacts of urban heat island without mitigating the urban heat island phenomena itself. In the figure 1, it means 
the measure which cuts or loosens the relationships between elements in the cause-effect chain to reduce the 
degree of the ‘end point’ impacts.  The author (Shimoda, 2003) had proposed the example of the adaptation 
measure against the urban heat island in Japan as shown in the table 1.  
 
3. CHANGE IN ENERGY CONSUMPTION IN RESIDENTIAL AND COMMERCIAL SECTOR DUE TO URBAN 
HEAT ISLAND 
 
3.1 Simulation Model 

Mailing address:  2-1 Yamada-oka, Osaka 565-0871, Japan.  e-mail: shimoda@env.eng.osaka-u.ac.jp 
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To examine the change of energy consumption in commercial and residential sector in Osaka City, numerical 
simulation of building energy systems were done for residential building and non-residential building respectively. 
This simulation model considered not only the change in heating/cooling load by urban heat island but also the 
change in the efficiency of refrigerator/heat pump and city water temperature which affects energy consumption 
for hot water supply. In this paper, change of energy consumption (sensitivity) due to air temperature increase by 
1°C throughout the year is predicted by the simulat ion. 
Energy consumption of house differs considerably depending on household type, dwelling type and other factors. 

  

Energy 
consumption

Human Activities

Energy and Resource

Human Health

Sensible 
heat release

Latent heat 
release

Hot water effluent

Increase in local 
air temperature

Change of local 
air humidity

Increase in urban air 
temperature

Impact on ecosystem in 
river and sea.

Change of cooling/heating load

Risk of heat stroke

Air pollution

Hard rain and 
flood

Change in urban 
air humidity

Increase in water 
temperature

Increase in air-conditioned space.

Change in occupants’
activity for cooling

Change of COP of refrigerator

Artificial surface

Change in biological calendar.

Increase of vectors and 
infective parasites.

Impacts on agriculture

Increase in emission of 
hydrocarbon from vegetation

Urban 
Ecosystem

Increase in tapped water temperature

Decrease in water heating energy

Change of habitat area

Vulnerability to hot climate

Increase in NOx

Increase in energy for cooling Decrease in energy for heating

Change in energy consumption

Increase in peak electricity demand

Increase in time allocation to 
indoor activities

Sleeplessness

Degradation of outdoor thermal environment 

Stress

Heat shock between indoor and outdoor

Change in CO2 emission

Activation in 
photochemical reaction

Increase in photochemical oxidants

Urban Climate

“Dust dome”

Increase in cooling water consumption

Change of wind system

 
 

Figure 1. Cause-effect chains from human activities to impacts of urban heat island (Shimoda et. al., 2005) 
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Therefore, the authors have been developing a simulation model for predicting energy consumption in residential 
sectors of Osaka City considering the composition of household type and dwelling type (Shimoda et. al. 2004). In 
this simulation, dynamic heat load calculation and energy simulation for heating, cooling and hot water supply 
system are performed for 1900 household/building/insulation categories respectively and these results are 
summed up to estimate total energy consumption in Osaka City. The change of energy for hot water supply by 
change in city water temperature, which is determined by outdoor air temperature and affected by urban heat 
island, is also considered. 
The change of hourly electricity consumption in residential area due to air temperature increase by 1°C is 
estimated from measurement results in summer. Same situation is simulated by our model. Figure 2 shows the 
comparison between simulation results and estimation from the measurement.  
Figure 3 shows the breakdown of simulation result by use and energy source. This figure also shows the 
simulation results for the cases that the efficiency of the all room air conditioner becomes ‘top-runner’ level and 
the insulation of all residential building becomes to meet the present Japanese standard. These results show the 
sensitivity changes in different way according to different energy saving measures.  
 

Table 1. Adaptation measures for urban heat island phenomena (Shimoda, 2003) 
Passive cooling While cooling demand will be increased due to the urban heat island, dependence 

on mechanical cooling strengthens the urban heat island phenomenon by 
increasing anthropogenic heat release. Consequently, the passive cooling 
technologies, which maintain indoor thermal comfort without air-conditioners or 
which reduce the cooling load, become more important. These technologies 
include reflective surfaces, the control of solar radiation by vegetation, eaves and 
blinds, earth tubes, thermally massive construction, the formation of air paths for 
natural ventilation, and rooftop planting. However, since the urban heat island 
usually increases air temperature at night-time more than in daytime, the 
effectiveness of night purging, which cools building thermal mass by ventilation at 
night to reduce cooling load in daytime, becomes smaller. 

Improving energy efficiency of room 
air-conditioners and other cooling 
equipment 

In the Japanese residential sector, the stock and operating hours of room air-
conditioners has been increasing. Use of air-conditioner is one of the reasons of 
urban heat island since it release anthropogenic heat, but it is indispensable to 
keep the occupants’ health in the cities which affected by the urban heat island. 
Therefore, the energy efficiency of room air-conditioners is important from both the 
viewpoints of urban heat island mitigation (less anthropogenic heat) and adaptation 
(cooling with little cost). Recently, progress in the COP of room air-conditioners in 
Japan has been accomplished due to the introduction of new ‘top-runner 
standards’. By this standard, cooling COP of most of room air-conditioners shipped 
in 2005 is larger than 4.5. Some models on the market have already come up to 
6.0. 

Reconsideration of outdoor design 
temperature 

In the period of 1971-1980, the outdoor design temperature at a level of 
significance of 2.5% increased 1°C both in summer a nd winter, and the difference 
was slightly larger in mid scale cities with 0.5–1.0 million people than with larger 
cities. It means the enlargement of the cooling equipment capacity in buildings. 

Change of thermal insulation 
strategies 

In most Japanese cities except the cold region of the country, the cooling load of 
non-residential buildings is much higher than the heating load. This is because the 
increases of internal heat gain from office equipment in addition to the warm 
climate. For many buildings in many parts of Japan, thermal insulation is not 
currently effective at reducing seasonal cooling loads, although it is effective for 
reducing heating load. However, temperature rises beyond 30°C will bring many 
buildings into a range of conditions under which thermal insulation does reduce 
peak cooling load.  

Prospective change of building and 
urban form 

If the daily average air temperature in summer exceeds 30°C by global warming 
and the urban heat island phenomenon in the near future, this is almost the same 
level as cities in desert and tropical regions such as Tehran, Karachi, Calcutta and 
Bangkok. Since staying in outdoor spaces or parks becomes unpleasant in such 
conditions, it is necessary to build additional indoor, underground and semi-outdoor 
spaces. 

Adaptation of life style and clothes In Japan, in spite of the hot and humid climate, the clothing value of white-collar 
workers in summer is as high as for European people. Light clothing is a very 
important measure for energy saving and health by allowing cooling set 
temperatures to be raised and by reducing the incidence rate of heat stroke. 
Japanese government initiated its ‘Cool Biz Campaign’ in 2005 to encourage the 
wearing of lighter and climatically more appropriate clothing. 
Nakamura (2001) proposed the introduction of a summertime system that would 
extend the noon recess to 2 hours to promote acclimatisation by encouraging 
people to stay outdoors in the middle of the day. 

Adaptation to low relative humidity If the outdoor relative humidity decreases, the humidification of spaces outside 
buildings by planting and fountains might be necessary from the viewpoints of 
health, fire prevention and static electricity prevention. 
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Simulation for non-residential buildings in Osaka City is 
done by classifying all non-residential buildings by use (Office, Store, Hotel, Hospital, school) and size.   
From the simulation results for the residential building and the non-residential buildings, the change of energy 
consumption in residential and commercial sector in Osaka City due to the air temperature increase by 1°C is 
estimated as shown in the table 2.  
 

Table 2 Estimated change of primary energy consumption in residential sector in Osaka City. 
 Total energy consumption 

[PJ/ city] 
Sensitivity to air temp. 
[PJ/°C city] 

Rate of the change [%/°C] 

Residential sector   71.7 -1.2 -1.7% 
Non-residential sector 113.3 1.1 +0.9% 
Total 185.1 -0.1 -0.1% 

 
Due to air temperature increase, energy consumption in residential sector is decreased since energy use for 
heating and hot water use is dominant in the residential sector. On the other hand, energy consumption in non-
residential sector is increased since energy use for cooling is dominant in the non-residential sector in most of 
Japanese cities. In total, annual primary energy consumption in residential and commercial sector in Osaka City is 
predicted to decrease due to air temperature increase. However, the decrease rate is only 0.1%/°C. 
This simulation considers the change of heating/cooling/hot water heat load and the change of the efficiency of 
heat source equipments due to air temperature change. However, it should be noted that the long-time change of 
heating and cooling such as ‘increase in air-conditioned space (increase in the number of room air conditioner)’ 
and ‘Change in occupants’ activity for heating’ are not considered in this simulation.  
 
4. CONCLUSION 
In this paper, impacts and adaptation measures of urban heat island is discussed.  Quantitative simulation results 
are also shown for the impacts on energy consumption in residential and commercial sector in Osaka City. 
Since the perfect mitigation against urban heat island seems to be impossible, not only the mitigation measures 
but also the adaptation measures must be considered to keep down the impact of urban heat island. For the 
purpose of emphasizing the importance of mitigation measures, the research on impact analysis and adaptation 
measures are also effective. 
 
References 
Nakamura, U. 2001. Conception of summertime system for health promotion aiming at obtaining seasonal 
acclimatization, Environmental Information Science, Vol.30 No.4, (in Japanese) 
Shimoda, Y., 2003. Adaptation measures for climate change and the urban heat island in Japan’s built 
environment, Building Research and Information, Vol. 31, No.4, 222-230 
Shimoda, Y., Fujii, T., Morikawa, T., and Mizuno, M. 2004. Residential end-use Energy Simulation at City Scale, 
Building and Environment, Vol.39, No.8, 959-967 
Shimoda, Y., Narumi, D., Mizuno, M., 2005. Environmental Impact of Urban Heat Island Phenomena –Cause- 
effect chain and evaluation in Osaka City-, Journal of Life Cycle Assessment, Japan. Vol.1, No.2, 144-148 
 

0

20

40

60

80

100

120

140

1:00 4:00 7:00 10:00 13:00 16:00 19:00 22:00

S
en

si
tiv

ity
 to

 a
ir 

te
m

p
.[M

W
/°C

 c
ity

]

Measured
Simulation

Figure 2. Comparison between simulation and 
measured change in electricity consumption due to 

air temperature increase in residential building. 

-1.5

-1

-0.5

0

0.5

1

R
e

fr
ig

er
a

to
r

H
ot

 w
at

e
r

el
ec

.

H
ot

 w
at

e
r

ga
s

H
e

a
tin

g
 e

le
c.

H
e

a
tin

g
 g

a
s

H
ea

tin
g

 o
il

C
o

ol
in

g

T
ot

a
l

S
e

ns
iti

vi
ty

 to
 a

ir 
te

m
p

.[P
J/

°C
 y

e
a

r 
ci

ty
]

Base case

High efficiency air conditioner

Heat insulation of wall

Figure 3. Breakdown of the sensitivity.   
 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

91



URBAN CLIMATE AND AIR POLLUTION IN OUAGADOUGOU, BURKINA FASO 
 

Ingegärd Eliasson, Jenny Lindén*, Sofia Thorsson, Sven Lindqvist 
Göteborg University, Göteborg, Sweden 

 
 
Abstract 
This paper presents results from an ongoing study of the urban climate and air pollution in the city of 
Ouagadougou in Burkina Faso, West Africa.  Burkina Faso is located in the dry Sahel and air pollution is a 
concern on both local and regional scale. At the regional scale, air pollution is a temporary phenomenon during 
winter when the Harmattan wind transports large amounts of dust from Sahara southwards. At the local urban 
scale, transportation produces pollutants primarily due to the use of mopeds and small motorcycles. 
Measurements of carbon monoxide, suspended particulate matter, temperature, humidity and wind speed were 
carried out at fixed stations as well as with the help of car traverses. Preliminary results from a pilot study in 
November 2005 with the purpose of studying outdoor and indoor air quality (human exposure) in the city and its 
relation to meteorological conditions show levels of carbon monoxide and suspended particulate matter in many 
areas well above recommended exposure limits.  
 
Key Words: Personal exposure, gender, particulate matter, carbon monoxide, indoor/outdoor. 
 
1. Background 
Air pollution in Africa is a severe problem on both local and regional scale. The Sahara region is a major source of 
dust (Clark et al., 2004) and several authors argue that most of the particulate matter suspended into the 
atmosphere in arid and semi-arid regions is emitted from natural surfaces (e.g. N´Tchayi Mbourou et al., 1997; 
Xuan, 1999; Chimidza and Moloi, 2000). At the local urban scale in sub-Saharan Africa, transportation produces 
pollutants primarily due to the use of mopeds and small motorcycles (World Bank 2002). A case study of the 
moped-use in Ouagadougou, Burkina Faso shows an exceptionally high usage-rate of mopeds as family vehicles, 
and states that Burkina Faso in particular deserves attention in this matter to improve the outdoor air quality in the 
cities (Diallo 2000). Also the indoor air quality needs attention as the high usage of simple stoves with very 
incomplete combustion for burning coal and biomass for domestic energy in developing countries, causes 
extremely high levels of indoor air pollution, up to 200 times the recommended values (WHO 2000). Because of 
their customary involvement in cooking and household chores, women’s (and thereby also young children’s) 
exposure to indoor pollution is much higher than men’s (Smith-Sivertsen et al. 2004, WHO 2000). The mortality 
rate due to lung diseases in Burkina Faso was in 2002 for example 407 persons per 100 000 (in Sweden these 
figures are about 70 per 100 000). 
 
In many Sahelian countries including Burkina Faso no or very few measurements of the air quality is carried out by 
the local or national authorities. A literature survey shows that existing studies within the tropics suffers from 
several constraints such as low sampling frequency, relatively low number of samples and monitoring systems 
consisting of single point measurements. 
 
 
2. Objectives and research strategy 
The aim of the main project is to study air quality in African cities in relation to meteorological conditions, in terms 
of dispersion mechanisms such as air stability and/or wind conditions and its effect on human exposure. One 
important issue is to map the temporal and spatial variations of air pollutions within urban areas. Another 
important issue is to study how air pollution conditions influence human health in a gender perspective. The 
background is that women and children are exposed to air pollution from incomplete combustion for burning coal 
and biomass for domestic energy, while men spend relatively more time outdoors, exposed to air pollutions from 
traffic.  
 
This paper presents preliminary results from a pilot project carried out in November 2005 in Ouagadougou, the 
capital of Burkina Faso. The objectives were to make a pre-study of the outdoor and indoor air quality (human 
exposure) in the city and its relation to meteorological conditions. Intra urban measurements of air pollutants 
(suspended particulate matter (SPM), carbon monoxide (CO)) and meteorological parameters were made with 
both permanent and mobile instruments with high sampling frequencies.  
 
Outdoor levels of SPM and CO were measured at fixed stations and by car traverses.  A reference station was 
placed near the centre of the city where continuous measurements of air temperature (TA), relative humidity (HR), 
CO and SPM were collected. For measurements, passive electrochemical sensors (Langan T15v and tpi A701) 
were used for CO, scattered laser particle counter, Aerocet 531, for SPM, and a Rotronic Hygromer MP 100A for 

*Corresponding author: Jenny Lindén, Göteborg University, Dep. of Earth Science, Physical Geography 
PO Box 460, SE 40530 Gothenburg, Sweden 
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     Figure 2 Measurements of PM 10 levels during a) morning car traverses (relatively light traffic), and b) evening car traverses  
     (rush hour – dense traffic).  

TA and HR. In addition passive samplers measuring the total weight of SPM were placed at a total of nine points 
throughout the city to get a comparison of the levels SPM in different areas.  
 
Car traverses were carried out during one period with slow traffic in the morning; between 9:00 and 10.30 and 
during evening rush hour; between 17:30 and 19:00. A set route with nine chosen stopping points was travelled 
during each traverse. A total of 20 traverses were completed (10 day and 10 evening). Each traverse the car was 
stopped a set time at the chosen points during which measurements were collected (figure 1a). The number of 2 
and 4 wheeled motorised vehicles that passed during measurements was counted. 
 
To obtain information of the CO exposure in a wood-fuelled kitchen, a fixed station measuring TA, HR and CO 
continuously was placed inside such a kitchen (figure 1b). To get a comparison of the inside and outside amount 
of SPM, passive samplers were placed inside and outside the kitchen (figure 1b and c). 

 
Figure 1 a) measurement during car traverse, b) measurement in wood fuelled kitchen (instruments in top left corner) and c) 
passive sampler. 
 
3. Preliminary results and discussion 
Data from the pre-study in Ouagadougou are still being analysed. Below follows some preliminary results. 
 
3.1. Suspended Particulate Matter – PM10 
Results show that levels of PM10 greatly exceed exposure levels recommended by World Health Organization. 
Figure 2a and b presents data measured during car traverses. The dotted line in the graphs represent WHO 
recommended values for short term exposure to PM10 (50 µg/m3 ). Recommendations for long term exposure are 
25 µg/m3. Highest levels are measured in areas on or near unpaved roads which includes most residential 
neighbourhoods in the city. Evening measurements in a traditional neighbourhood with no paved roads 
(measurement point 0) exceed PM10 recommendations by between four and fifty times at each measurement 
occasion. This suggests that residents are exposed to hazardous levels of TSP during most of their time 
outdoors. SPM levels are also increasing in areas with dense traffic, which is due to the emission of exhaust 
fumes to the air and to vehicles stirring up dust from the ground in to the air. 

 
3.2. Carbon Monoxide (CO)    
Measurements of CO levels during car traverses did not exceed short term exposure limits recommended by 
WHO (26 ppm for 1h exposure), though long term recommendations (9 ppm, 1 year, dotted line in graphs) were 
exceeded during some occasions (Figure 3 a and b). Concentrations of CO were highest in areas with dense 
traffic. Data were collected on the side of the road, as close to traffic as possible. However, continuous 
measurements taken while driving show considerably higher concentrations of CO when in the middle of dense 
traffic– often several peaks above 30 ppm during each traverse – suggesting that CO from exhaust fumes quickly 
disperse and that levels measured at the side of the road does not represent exposure levels to a commuter 
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(Figure 4). It is therefore reason to believe that exposure levels for those occupied with professions like taxi-driver 
and traffic-police are exposed to concentrations that frequently exceed WHO recommendations. 

 

  
As displayed in figure 5, CO-levels measured in the wood-fuelled kitchen levels greatly exceeds WHO 
recommendations both for long ( ) and short ( ) term exposure during all cooking sessions (peaks in 
CO). There are normally two cooking sessions per day that lasts for an average of 4 h. Peaks during the 
measured period average just below 100 ppm. This creates a very unhealthy situation for the person in charge of 
preparing meals in this kitchen. However exposure levels for the household cook might not be accurately 
represented by this graph (figure 5) since only part of her (the household cook is traditionally a woman) time is 
spent in the kitchen. It is still very reasonable to assume that she is exposed to levels greatly exceeding WHO-
recommendations for significant time periods at least once a day.  
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    Figure 3  Measurements of carbon monoxide levels during a) morning car traverses (relatively light traffic), and b) evening car  
    traverses (rush hour – dense traffic).   

Figure 4 Continuous 
measurements of CO 
during evening car 
traverse on November 8, 
with measurement stops 
marked 

Figure 5 Measurements of 
carbon monoxide (CO) 
levels In a wood-fuelled 
kitchen. 
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 4. Discussion and further research 
Data from this study show that levels of the air pollutants measured in Ouagadougou are generally far above 
those recommended by WHO (WHO 2001). Particularly the levels of SPM in the city air suggest that air pollution 
create a great risk to the inhabitants’ health. The main health effect from exposure to air pollution is respiratory 
diseases, which are the second most common cause for death in Africa and constitute  22,5 % of total amount of 
deaths in Burkina Faso (WHO 2005). The meteorological conditions in Ouagadougou further contributes to this 
health risk due to a generally high stability in the air over the city that prevents transportation and dispersion of the 
polluted air created in the city, hence causing accumulation of the airborne pollutions. Since the urbanization rate 
in Ouagadougou is high; 6,8% (Gerstl 2001) the air pollution situation in the city is a matter in great need of 
attention.  
 
Results from this study indicate that the person in charge of cooking in a wood fuelled kitchen is exposed to very 
high concentrations of CO daily, while results from road side measurements only exceeded recommended levels 
at some occasions (though concentrations in the middle of traffic might be substantially higher). PM 10 
concentrations were extremely high both in areas with unpaved roads and in areas with dense traffic. Men and 
women traditionally have very different roles in society in Burkina Faso, which results in different types of 
exposure situations to air pollutants. While men might be more exposed to air pollution due to traffic, women’s 
exposure to indoor pollution is generally much higher than men’s (Smith-Sivertsen et al. 2004, WHO 2000). To 
get a wide view of personal exposure to air pollution, it is therefore of highest significance to examine exposure 
situation for a variety of situations. 
Furthermore, studies of air pollution, especially suspended particulate matter, are generally very scarce in Africa, 
which constraints the possibilities of creating regulations and policies for decreasing risks for health and 
environment (Han 2006). 
 
Future research includes comprehensive field studies of outdoor and indoor exposure to air pollutants and its 
relation to meteorological conditions in cities south of Sahara. In a co-operation with chemists at Göteborg 
University and local actors in Africa we will improve the instrument set-up in terms of sampling frequencies and 
spatial variation as well as chemical analysis of particles. Case studies are planned for Ouagadougou and Nairobi 
(Kenya). 
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AIR POLLUTION, METEOROLOGY AND MANAGEMENT IN A SMALL CITY IN 
EASTERN AUSTRALIA 

Howard A. Bridgman 
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Abstract 
 
The relationships between air quality, meteorology, and air pollution management in the city of Newcastle, NSW, 
Australia, are reviewed. Traffic emissions, along with industrial emissions, are the major sources of pollutants, 
with residential emissions an important third source.  While air pollution concentrations do not exceed health 
standards, periods of higher air pollution occur when synoptic high pressure systems dominate the east coast of 
the country.  This situation encourages local circulations and the formation of low-level inversions.  With 
increasing traffic due to extensive residential development, photochemical smog (ozone) is becoming a threat to 
air quality.  Management actions to minimize air quality problems include integration of emissions information into 
land use planning; increased community education; and encouraging energy efficiency in council and small 
industry operations. 
 
Key Words: air quality, meteorology, sources, emissions, management 
 
 
 
1.  INTRODUCTION 
 
Newcastle, New South Wales, is a city of about 175,000 located on the southeast coast of Australia (33oS, 151oE, 
see Figure 1).  The local government body, the Newcastle City Council (NCC) has been highly proactive in 
monitoring and managing air pollution problems in the city, and over the past three decades has shown 
leadership in this area for other local government areas around Australia.  The NCC has worked closely with air 
quality scientists, industry and the community to develop successful air pollution management and policy.  
Newcastle was originally developed as an industrial city, but significant changes since the late 1990s, including 
the closure of the major steel works, has created diversification.  The atmosphere is also cleaner. 
 The purpose of this paper is to provide an overview of the air pollution problems faced by Newcastle 
over the past 15 years, the relation to meteorology, and to summarize the approaches to air pollution 
management in the city. 
 

 
Figure 1. Map of Newcastle showing the current location of air quality monitoring stations. 
 
2.  AIR POLLUTION HISTORY 
 
The first major sources and emissions inventory for air quality in Newcastle (KINAS Report) was completed by 
Bridgman et al. in 1992 for the inner section of the city and the industrial area on and south of Kooragang Island 
(Figure 1).  The study recognized three major pollutants that had the potential to cause air quality problems in the 
city:  Total Suspended Particulates – TSP; Sulfur Dioxide – SO2 ; and Nitrogen Oxides – NOx.  Of these, TSP was 
of most concern, with concentrations regularly exceeding the then New South Wales annual health standard at 
the two inner city industrial monitoring sites, Mayfield and Stockton (Figure1).   The major sources of TSP and 
SO2  were the heavy industries, particularly the steel work (BHP Rod and Bar).  Traffic and industry were the 
major sources of NOx.  SO2  concentrations had been decreasing as major sources, such as a large fertilizer 
plant, had been closed during the late 1980s. 
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 The 1990s saw major changes, both in industry structure in Newcastle and on pollution monitoring focus. 
The recognition that TSP did not properly represent particulate impacts on health saw the introduction of 
particulate matter less than 10 µm in diameter (PM10) as a standard.  This recognized the size of of particulates 
that would most likely affect the human lung.  Monitoring of PM10 began at the EPA stations (Figure 1) in 1996, 
with concentrations occasionally exceeding the new national 24-hour standard (50 µg/m3).  
 Newcastle was chosen as a pilot city for a major national sources and emissions assessment (Boyle et 
al. 1996), which included the entire NCC area.  The results supported and expanded those from the KINAS 
report, but also recognized that SO2 was not longer a major concern.  The NSW Environmental Protection Agency 
also included Newcastle in its Metropolitan Air Quality Study (Carnovale et al. 1997), incorporating sources, 
emissions, meteorology and dispersion modeling.  Bridgman (2000) provides a summary of the air pollution 
situation in Newcastle during the 1990s. 
 In October, 1999, BHP Rod and Bar closed, after reducing its operations during the previous three years.  
The impact on Newcastle’s air quality was significant.  By this time, the Australian Nuclear Science and 
Technology Organization (ANSTO) had established a PM2.5 monitoring site at Mayfield (Figure 1), allowing 
assessment of fine particulates and their chemistry.  The NCC has maintained this site ever since.   Figure 2 
shows examples of the impact of the closure of BHP Rod and Bar on fine particulate air quality in Newcastle.  
While the overall weight of PM2.5 has been reduced slightly (other sources such as sea salt and organics are 
important), major concentration reductions from soil, heavy metals, and elemental carbon (representing burning 
processes) have occurred.  
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Figure 2.  Results from PM2.5 analysis at Mayfield, establishing the impact of the closure of BHP Rod and Bar in 
October 1999 on fine particulate air quality. 
 
 
3.  RELATIONSHIPS BETWEEN AIR QUALITY AND METEOROLOGY 
 
Aside from industrial, traffic and other emissions, there are a number of triggers that can lead to periods of higher 
air pollution in Newcastle.  Concentrations of fine particulate and many gases increase dramatically during period 
of bushfires.  The drought between 2000 and 2004 also enhanced particulate concentrations, due to added loose 
surface material injected into the lower atmosphere.  El Niño periods increase the likelihood of drought and higher 
pollution concentrations. 
 Local airflows under stagnant high pressure systems create low-level inversions that trap pollutants over 
the city, and lead to periods of higher pollution levels.  Carnovale et al. (1997) and Bridgman (2000) summarize 
some of these impacts for the Sydney basin and for Newcastle respectively.  Recirculation of pollutants in 
summer in Sydney, for example, occurs when overnight drainage flows from higher elevations move pollutants off 
the coast.  As the sun rises during the morning, sea breezes form, and the polluted air mass can then be 
recirculated back inland, toward the SW part of the city.  In Newcastle, drainage flows overnight can create 
inversions at similar altitudes to those in Sydney (300 to 700 m), but the recirculation tends to move the pollution 
inland to the south of the city.  There is evidence in both cities that secondary reactions, forming photochemical 
smog (represented by ozone O3) are occurring. 
 O’Connor (2005) analyzed the relationship between average daily air pollution concentrations, synoptic 
meteorological conditions, and local meteorology (temperature, humidity, wind speed and sea level pressure) for 
2001 and 2002, using factor analysis.  Despite pollutant concentrations being well below national standards, he 
discovered that ten distinct synoptic classes could be used to define relationships between pollutants and 
meteorology.  These relationships were often seasonal.  For example, Table 1 shows factor analysis results for 
synoptic class 10 and 14.  Factor 1 for class 10 shows a significant relationship between temperature, PM10, and 
the Regional Pollution Index  (RPI, used as a general descriptor of pollution levels for the public), weakly related 
to low wind speeds.  Factor 2 links NOx weakly with higher pressure, and significantly with reduced wind speeds 
and lower O3 concentrations.  Factor 3 indicates higher relative humidity in related to lower PM10 and RPI. 
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 For class 14, Factor 1 is similar to class 10, but Factor 2 links O3 with the RPI and with drier 
atmospheres and lower pressure.  Factor 3 correlates higher NOx with lower wind speeds.  Class 10 is more likely 
to occur in winter; class 14 in summer.  
 
Table 1.  Significant results from factor analysis (varimax rotation) for two synoptic classes defined for Newcastle, 
years 2000-2001, showing correlations between pollutants and meteorological variables. 
 
 Synoptic Class 10* Synoptic Class 14** 
Variable Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3 
Temp 
Rel Humidity 
MSL Press 
Wind Speed 
O3 
PM10 
NOx  
RPI 

0.96 
 
 

-0.48 
 

0.69 
 

0.63 

 
 

0.50 
-0.71 
-0.65 

 
0.88 

 
0.84 

 
 
 

-0.57 
 

-0.63 

0.96 
 
 
 
 

0.81 
 

0.65 

 
-0.70 
-0.59 

 
0.79 

 
 

0.64 

 
 
 

-0.71 
 
 

0.79 
 

*high pressure to the east, over Tasman Sea, approaching cold front from the west 
**high pressure ridging across SE Australia, weak trough in central NSW 
 
4. CURRENT MAJOR SOURCES AND POLLUTION LEVELS 
 
The closure of BHP Rod and Bar, and some other polluting industries, in Newcastle has changed the balance of 
sources, and altered the focus toward pollutants of concern.  Increasing traffic is occurring as people from Sydney 
and others areas move to Newcastle to enjoy the relaxed lifestyle, beaches, wine and clean atmosphere. The 
traffic fleet is now equivalent to industry as the major source of air pollutants, and residential emissions have 
become a more important minor source (Graham and Bridgman 2006).   
 
PM10 and SO2 are no longer of major concern.  Although concentrations are currently low, NOx is important as a 
precursor to photochemical smog.  Fine particulate concentrations (PM2.5) are now close to the national health 
standard of 8 µg/m3, and ozone concentrations, representing photochemical smog, are climbing toward 8 pphm, 
the 4-hour national standard.  Newcastle is developing a pollution mix similar to that of Sydney, and faces the 
potential problem of summertime ozone episodes in the near future. 
 
5.  AIR POLLUTION MANAGEMENT ISSUES 
 
In 2005, the NCC published its second Airshed Management Action Plan (NCC 2005), updating and simplifying 
the original plan (NCC 1998).   In the seven years since NCC (1998), the Council developed an interactive 
process to allow progress toward resolving air pollution problems that are under its control.  Table 2 provides a 
summary of the strategies in the air quality management framework for Newcastle, and the actions needed to 
accomplish the strategies successfully.   
 
Table 3.  Air quality management strategies and associated actions developed by the Newcastle City Council 
(NCC2005) 
Air Quality Management Framework Actions to Improve Air Quality 
Establishing priorities 
      Motor vehicles, Industry, 
      Domestic wood heaters 
Identifying strategic actions 
      Integrate emission data into land use planning 
      Review and expand modeling and monitoring 
      Development compliance for non-scheduled industry 
      Air quality into fleet management decisions 
      Air quality into Council operations 
      Community education 
      Incorporate research trends and changing technology 
Implementing strategic actions – timeframes and budget 
Measuring performance 
      Air quality standards 
      Community feedback surveys 
Reporting results 
Consultation with scientists, industry and the public 

 
Reduce emissions in Council operations 
Encourage energy efficiency 
Develop regional cooperation with other councils 
Air quality considerations in land use planning 
Reduce emissions from regional transport 
Reduce the reliance on motor cars 
Encourage industry to reduce emissions 
Regulation and enforcement if necessary 
Encourage community involvement 
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Graham and Bridgman (2006) emphasized the need for a flexible and communicative approach for a 
successful Council policy towards air quality management.  Critical is pivotal role of the local councils’ committee 
structures in driving or not driving the air policy cycle.  Through its long history of involvement with air quality 
issues, the NCC has demonstrated major leadership in air pollution monitoring and management, and 
demonstrated the value of good cooperative air quality policy to the community. 
 
6.  SUMMARY 
 
This discussion highlights the background and approach toward air quality management in the city of Newcastle, 
on the east coast of Australia.  Due to heavy industrial emissions during the 20th Century, the Newcastle City 
Council has shown major interest in, and proactive reactions to, air quality problems.  The NCC has accepted and 
worked with the scientists who established the levels of air pollution and the relationships to meteorology.  While 
concentrations of pollutants do not yet exceed national health standards, there is recognition that synoptic high 
pressure systems and local recirculation systems can create higher pollution concentrations. 
 The NCC has established an Airshed Management Action Plan, which focuses on reducing air quality 
problems form sources under local control.  The Plan recognizes industry, traffic and domestic wood burning as 
major priorities, and encourages the incorporation of air quality into many aspects of development, land use and 
council planning.  Communication with the community is essential, to encourage cooperation.  The proactive 
approach of the NCC provides a good guide for other local and regional government organizations. 
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Abstract 
 
In the Northern District of the town of Debrecen (East Hungary), four measurement points were designated to 
research the relationship between noise propagation and various meteorological parameters, i.e. air temperature, 
relative humidity, wind speed and directions. The aim of this is to investigate the role of such parameters in 
strategic noise mapping therefore giving the possibility of implementing adequate and efficient noise prevention 
measures. 
This paper intends to give an overview of a research carried out in the town with focusing on mainly the 
methodology and the usability of the results. 
 
Keywords: noise propagation, weather conditions, strategic noise mapping 
 
 
1. INTRODUCTION 
 
Currently, noise pollution has been ranked second place among factors influencing the quality of life of urban 
residents. The direct or indirect impacts of noise annoyance on human life quality and health (noise nuisance), 
and the resultant irreversible changes, such as hearing damage, increasing stress are usually discussed in 
details.  
The problem of noise pollution is a long-standing one in Debrecen (with 217,000 inhabitants), too. Research into 
the noise emission of road traffic is necessitated by the lack of ring road around the town, thus residents and the 
town itself are heavily affected by the through traffic of several trunk roads. 
Less emphasis is placed, however, on topics such as noise propagation under different weather types as well as 
on the role of meteorological parameters in strategic noise mapping. 
 
2. METHODOLOGY 
 
In the Northern District of the town, four measurement points were designated to investigate the relationship 
between noise propagation and various meteorological parameters.  
 
2.1. Noise level measurements 
 
Noise measurements started in June 2005 with methods partly adopted from precedent measurement campaigns, 
i.e. in some cases the methods of Larsson, Israelsson and Johansson (1979) were followed, as well as from the 
related Hungarian standards, however, some modifications have been made to both for practical reasons. When 
setting out our measurement points, the following factors had to be taken into consideration: different levels of 
noise, different districts in sense of built-up type and function (garden suburb, housing estate, recreation area, 
etc.). 
The noise level meters are placed to the distances of 5, 10 and 20 m, 50 and 100 m-s from each other, the first 
instrument placed 1.5 m from the edge of the road, and these measurements are necessarily accompanied by 
traffic surveys. To these measurements of the parameters Leq (dB) and Lp (dB) at the height of 1.5 m, SVAN 943 
digital sound meters were used. 
During the noise level measurements, i.e. 10 times 1 minute samples are taken repeated several times during the 
various time-intervals of between 3 and 12 hours. 
 
2.2. Meteorological data 
 
Diurnal characteristics of the four meteorological parameters influencing noise propagation, i.e. air temperature, 
relative humidity, wind speed and directions, of these are followed by measuring air temperature and relative 
humidity profiles (by the dataset of 1, 2, 5 and 10 m-s) at the Meteorological Observatory of the University of 
Debrecen. For the measurements, logit data logger was used. 
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The in-situ meteorological measurements of air temperature and relative air humidity at the height of 1 m, is also 
part of the campaign. Here one-minute samples of wind speed and directions at the height of 2 m-s are also taken 
for the measurement period.  
 
2.3. Weather types 
 
Based on how and what degree the weather conditions can advance noise propagation, 12 weather types were 
designated that can be classified in two main groups: ‘cloudy’ and ‘bright’. Within both, the same subgroups were 
created: anticyclonic, prior to and following fronts (cold, warm, occluded). In the case of measurements following 
rainfall, road surface humidity conditions (i.e. whether it is dry or wet) are also taken into account (Table 1). 
 

Table 1: Weather types created in order to examine their role in noise propagation 
 

Clear Anticyclonic 
 Prior to warm front 
 Prior to cold front 
 Prior to occluded front 
 Following fronts (regardless of its type)* 
Cloudy Anticyclonic 
 Prior to warm front 
 Prior to cold front 
 Prior to occluded front 
 Following fronts (regardless of its type)* 

* with road surface humidity conditions also taken into account 
 
However, the days of measurements were classified not only into these groups but also to those of Péczely's 
(1983) macrosynoptic types. Table 2 contains macrosynoptic types and their short description. The so-called 
macrosynoptic codes for the classification of the given days are taken from the work of Károssy (1998). 
 

Table 2: Letter codes and short descriptions of the Péczely's macrosynoptic types 
 

Anticyclonic types 
A anticyclone over the Carpathian Basin 

Aw anticyclone extending from the West 
Ae anticyclone in the East from Hungary 
As anticyclone in the South from Hungary 
An anticyclone in the North from Hungary 
AB anticyclone over the British Isles  
AF anticyclone over the Fennonscandinavian region 

Cyclonic types 
C cyclone over the Carpathian Basin 

mCc Hungary lies in the rear of an East European cyclone 
CMc Hungary lies in the rear of a Mediterranean cyclone 
CMw Hungary lies in the fore part of a Mediterranean cyclone 
mCw Hungary lies in the fore part of a West European cyclone 
zC zonal cyclonic 

 
The aim of these classifications is to reveal the weather types primarily having the most influence on either 
advancing or decreasing noise propagation.  
In case of the latter one, the possibility is also given to analyse the frequency of the days with each macrosynoptic 
types in the town, therefore the number of days, within a given year, being the most disadvantageous as far as 
noise nuisance is concerned can be determined.  
 
2.4. Statistical analysis and noise mapping 
 
A statistical analysis on the measured noise level values is also carried out. To this, the ratio of decrease between 
the noise-level meters is correlated with all four meteorological parameters. 
Results of the statistical analysis are one of the input parameters of the strategic noise maps made according to 
the 49/2002 EU Directive.  
In order to create such maps for the sample areas, SoundPlan 6.3 outdoor acoustic software, designed for the 
efficient mapping and assessment of noise control, was used. By this, difference between the mean 
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meteorological values and those measured during weather types most advancing noise propagation in any 
distance can be made visible. By this, comparison can be made between the areas exposed to high noise levels 
as well as evaluation of the necessitated noise prevention measures such as noise protection walls of the 
conventional noise mapping methods and some recommendations can be made to modify these.  
In short, the main purpose of this research is to analyse the role of meteorological parameters in strategic noise 
mapping, in order to improve guidance on noise prevention measures. 
 
3. RESULTS 
 
Hereby, some results on the effect of cross winds on noise level decrease in short distances are shown. 
These measurements were carried out on 1st September 2005 with clear sky all day under the influence of an 
anticyclone. 
The site is situated between the edge of a forested area and that of a housing estate. Here all day, the dominance 
of North Easterly winds were observed, and as far as wind speed is concerned, the high frequency of three main 
categories can be seen on the histogram (Figure 1). 
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Figure 1: Characteristic wind directions and wind speed frequencies of the measurement site 

(01. 09. 2005.) 
 
The ratio of decrease in noise levels indicated no significant anomalies at any wind speed when the two 
instruments are placed either 5 or 10 m-s to each other, therefore the two noise level curves run parallel with each 
other. 
The first notable difference was shown when the two noise-level meters were placed 20 m-s from each other, 
however, only at wind-speed values exceeding 0.2 m/s. This is well indicated in Figure 2 and Table 3, showing an 
example of a 10-minute-long measurement session.  
Correlation coefficient was also calculated between the ratio of decrease and wind speed values and for all cases 
it was proved to be 1. However, it should be noted that at wind-speeds exceeding 0.17 m/s can cause a decrease 
of 10 dB from a cca. 75 dB measured along the edge of the road. When health effects are taken into 
consideration, these values around the limits are significant. 
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Figure 2: Noise levels measured during a 10-minute-long measurement session  
(dB; 01. 09. 2005.) 
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Table 3: Noise levels (dB), the ratio of decrease (%) and average wind speed values (m/s)  
measured during a 10-minute-long measurement session 

(01. 09. 2005.) 
 

Minutes 1.5 m 21.5 m Decrease (%) Average wind speed (m/s) 

1 65.5 60 8.40 0.14 

2 72.5 68.5 5.52 0.09 

3 76.2 74 2.89 0.05 

4 75.4 67.4 10.61 0.18 

5 78.4 66 15.82 0.26 

6 76.4 64 16.23 0.27 

7 76.3 66.6 12.71 0.21 

8 75.3 68.1 9.56 0.16 

9 73.2 66.2 9.56 0.16 

10 76.3 70.3 7.86 0.13 

 
In this case, based on the results gathered, the impact of cross winds on the reduction of noise propagation, as 
well as the connection between the rate of reduction and wind velocity values can be determined.  
However, relevant change is to occur when the distance of noise level meters is increased to 50 or 100 m-s. Such 
analysis will also be carried out for these long distances and also to the connection between noise propagation 
and air temperature and relative humidity. 
 
4. ADAPTABILITY AND CONCLUSIONS 
 
The results of this research may promote surveys regarding urban noise pollution in several ways. 
The ratio of decrease in the measured noise levels show strong correlation with the wind-speed values regardless 
to short distances, i.e. 5 to 20 m-s. In these cases, the level of decrease can be determined. By carrying out 
similar measurements to long distances (50 to 100 m-s), as well as other meteorological parameters, the role of 
such parameters can be evaluated in strategic noise mapping and recommendations may be made in order to 
any necessary changes in the current methods used. It may also promote the implementation of more effective 
noise prevention measures to be taken. 
In addition to these field measurements, a quoted questionnaire survey, involving 1000 inhabitants, has been 
carried out to investigate the public opinion on noise pollution in Debrecen. As, according to Schultz (1972), 
subjective assessment methods applied currently do not support the surveying the level of psychophysical 
impacts of noise nuisance on humans as instrumental measurements do not take individual impacts into account. 
To survey these, thus, questionnaire surveys seem to be the most suitable tools, although the results of these 
should be also handled carefully. 
According to the preliminary results of this survey, Debrecen could be considered as a noisy town of Hungary. 
Along the major routes, the dominant role of noise annoyance from road traffic is apparent. In the meantime, 
among the inhabitants adaptation to these effects can be also observed, primarily influencing sleeping during 
nights either regularly or occasionally. However, no permanent health impact caused by noise pollution has been 
claimed by the 86.6% of the pollees. 
Based by the final results of this survey, various points of the town with a demand from the population for noise 
prevention can be designated. 
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Abstract 
 
    The dynamics of the surface air pollution in Moscow have been discussed in details. High values of the 
NO/NO2 ratio and an appearance of secondary nocturnal maximum at diurnal course of ozone in warm period are 
specific features of the urban chemical climate. In warm period the morning maximum of NO and CO 
concentrations is considerably larger as a rule than the evening one. Probably, this effect is connected with 
frequent existence of elevated inversions in the low 300 m height air layer during morning hours. 
 
Key words: air pollution, traffic intensity, sodar sounding, thermal stratification, inversions, ozone. 
 
1. INTRODUCTION 
 
     Since February 2002 the continuous measurements of various atmospheric constituents (O3, NO, NO2, SO2, 
CO, CH4, CO2, THC, aerosols, etc.) with one minute resolution have been carried out at Moscow station that is 
located at Meteorological Observatory of Moscow University at a distance of 6 km from the centre of Moscow City 
in SW direction. This station has been founded by common efforts of Obukhov Institute of Atmospheric Physics 
and Geography Faculty of Lomonosov Moscow State University (MSU) with the goal to recognize dynamics of 
contents of air pollutants at their diurnal and annual courses, as well as their connections with synoptic processes, 
weather phenomena, etc. For analysis of variations of their surface concentrations the measurements of 
meteorological parameters and the sodar data about the thermal stratification obtained at the Meteorological 
Observatory have been used as well. 
     Evidently, big city strongly influences the surface concentrations of air pollutants and their dynamic. For better 
understanding of this influence the synchronous measurements of the surface ozone concentrations have been 
made at MSU and at Central Aerologic Observatory (CAO) in Dolgoprudnyi town in Moscow region.  
 
2. DIURNAL COURSE OF AIR POLLUTANTS. 
 
     Daily courses of NO, NO2 and CO in average demonstrate in spring, in summer and in fall two sharp maxima 
in morning and in evening, separated by two minima in the afternoon and at night (see Fig.1). Each value of 
concentrations is averaged by the period of 10 minutes and supplied for NO and CO by confidence intervals with 
the significance level of 5 %. In winter the daily course of NO, NO2 and CO is more smoothing in the comparison 
with other seasons and is noted by one daily maximum and one nocturnal minimum (Elansky et al., 2006). Vice 
versa, daily course of the surface ozone concentrations is characterized in Moscow during warm season by the 
main daily maximum and the secondary nocturnal one (see Fig.1). In winter daily course of ozone is not so clear 
and demonstrates higher values at night and lower ones during all the rest time. Thus, the ozone daily course is 
nearly opposite to the daily courses of NO, NO2 and CO like a mirror. The main reason of it is that ozone is the 
only gas which content increase with a height in troposphere, whereas a surface plays a role of its sink.  
     One more specific feature of the urban atmosphere is comparatively high ratio between NO and NO2 which 
consists of 0.87 at Moscow State University in annual average.   
 

 
3. ADDITIONAL FEATURES OF THE DIURNAL COURSE FOR PRIMARY AIR POLLUTANTS. 
 
     In general daily course of air pollution in cities is well-known and described in literature (Brimblecombe 1986, 
Oke 1978, etc.). In fact, two maxima of air pollutant concentrations, especially for primary ones (NO, CO) are 
traditionally explained by rush-hours of traffic intensity in a city, when people go by car from home to work in 
morning and return back in evening. Accordingly to this simple scheme, local minimum of amount of travelling 
cars is expected to take place in the middle of day. However, the traffic intensity across roads in cities was 
accounted till recent time only manually, i.e. by human eye. Evidently, manual account can’t be systematic. Only 
the automatic account of traffic intensity allows to recognize its real dynamic.  
     One can see (Fig.1) that the morning maximum of primary pollutants (NO and CO) usually is larger than the 
evening one (Elansky et al., 2006). This effect is statistically meaningful in spring for both species with the 
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significance level of 5 %. Moreover, for the nitrogen oxide the difference between maxima is statistically 
meaningful as well both in summer, and in fall. Besides, in summer the daily minimum of both species is less than 
the nocturnal one, and meaning of that effect is confirmed by confidence intervals too.  
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Fig.1.Diurnal course of concentrations of the main air pollutants in spring at Moscow University, 
period of 2002-2004. 
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Fig.2. Diurnal course of amount of cars, traveling each 5 minutes across Lomonosovsky Prospect at 1 km 
distance from Observatory of Moscow University in 2005. 
 
    The daily course of traffic intensity across the most roads in vicinity of Moscow University all the year round is 
presented in Fig.2 by the data of special stationary radars which register automatically any traveling car. As it is 
seen this intensity is high and nearly the same from 9 a.m. to 10 p.m. So, the morning and evening rush-hours are 
not clearly separated in Moscow from each other, i.e. daily reduce of traffic intensity between them can be absent. 
It should be noted too that the morning values of intensity in average are not more than the evening ones. Thus, 
the real dynamics of air pollution is not explained only by the traffic intensity. This intensity can explain neither 
difference between maxima of the air pollution concentrations, nor an existence of daily minimum of them.       
     Thus, to understand a reason of differs between maxima we should find some meteorological parameter which 
demonstrates strongly different values in morning and in evening. Evidently, there are two main factors 
determining the dispersion of air pollution in atmosphere – wind speed and thermal stratification. However, wind 
speed in the ground air layer in Moscow is nearly the same in morning and in evening all the year round (Fig.3). 
Hence, this parameter can’t explain a difference between maxima of the NO and CO concentrations.     
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Fig. 3. Diurnal course of the wind velocity at the 15 m height level at Moscow University, average data  
for period of 1966-2000.   
 
     The thermal stratification of the lower 800 m height air layer is continuously monitored at MSU by means of 
vertical sodar “ECHO-1” by GDR production (Lokoshchenko, 2002). As one can see (Fig.4) the occurrence 
probability of elevated inversions has strong maximum (nearly of 40 %) in morning both in spring, and in warm 
period wholly (Elansky et al., 2006). These elevated inversions as a rule are former surface ones existed at night 
and being ascended after sunrise. On the contrary, in evening the probability of elevated inversions is four times 
less. In fact, the thermal stratification demonstrates clear contrast between conditions in morning and in evening.  
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Fig.4. Diurnal course of thermal stratification types in the lower 800 m air layer in spring at Moscow 
University by the long-term sodar data for period of 1988-2003.   
 
Evidently, the surface inversions at night and following them elevated ones in morning prevents vertical mixing 
and dispersion of air pollutants and, hence, leads to their additional accumulation near the ground in the 
comparison with the evening time. It can be accepted as the most probable cause of asymmetry between maxima 
of primary pollutants NO and CO at their diurnal courses. On the contrary, thermal convection in the midday 
(Fig.4) leads to intense vertical mixing and quick vertical dispersion of pollutants. Besides, wind speed in warm 
period is much larger at daily hours than at the rest time (Fig.3). That’s why the diurnal minimum of NO and CO 
concentrations exists and is even deeper than the nocturnal one, in spite of high traffic intensity.       
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4. DIURNAL COURSE OF SURFACE OZONE IN BIG CITY. 
 

The influence of Moscow megapolis on the surface ozone diurnal course has been tested by the comparison 
of data which were obtained simultaneously at MSU and at CAO in small town Dolgoprudnyi (Moscow suburb) at 
a distance of nearly 20 km northward from the centre and 5 km from the northern edge of Moscow City. These 
measurements were made during warm period (from April to August) in 2002 and in May in 2005. The average 
diurnal course of O3 for that time is presented in Fig.5. The total amount of hours of simultaneous ozone 
measurements consists of 1627. The hourly values measured in CAO are supplied by confidence intervals with 
the significance level of 5 %. As it is seen statistically meaningful reduction of the surface ozone concentrations in 
big city takes place only in morning (since 10 a.m. till 02 p.m.) and in evening (since 11 p.m. till 02 a.m.). During 
all the rest time, i.e. both in the midday and in the midnight, the surface ozone concentrations are close to each 
other inside and outside Moscow. The most probable reason of this reduction is strong emission of NO in city by 
travelling cars in morning and in evening. It leads to displacement of equilibrium between NOX and O3 to less 
values of ozone, because this gas is spent to oxidation of NO to NO2. In the afternoon this sink of O3 seems to be 
compensated by thermal convection which exists as a rule at that time (see Fig.4) and provide intense vertical 
mixing leading to inflow of upper air volumes, high-concentrated by ozone, to the ground. That is why in the 
middle of day any differences between values at MSU and CAO go to nothing. This result confirms preliminary 
analysis of this comparison (Zvyagintsev et al., 2004). As a consequence of these minima, the nocturnal 
additional maximum of ozone appears at the diurnal course inside Moscow and is absent in suburbs in warm 
period. As it is known the secondary nocturnal maximum of O3 is typical feature of big cities (Zvyagintsev, 2004). 
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Fig.5. Diurnal course of the surface ozone concentration inside and outside Moscow, average data for 
period from April to August of 2002 and in May of 2005, local time.  
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Abstract 
 
The thermal climate and ambient air quality in cities can impact and be impacted by human activity. This feedback 
cycle may play an important role in determining the severity of heat waves and episodes of poor air quality. These 
relationships are further complicated by the role that public advisories may play in affecting human activity. As 
part of an ongoing project to investigate the complexities in the urban climate system we have implemented a 
multi-faceted approach to quantifying this feedback. This approach includes phone surveys that are initiated either 
shortly after a heat or air quality event, or shortly after days with less severe conditions for a comparison of 
responses both with and without the presence of advisories, and a parallel analysis of historical weather, 
transportation, and electricity consumption data. 
 
Key words:  heat episodes, air quality, public advisories, urban climate 
 
 
1. INTRODUCTION  
 
This paper presents a multi-faceted approach to investigating possible feedbacks in the urban system due to 
human response to poor air quality, heat and public advisories. As part of a cross sectional survey an instrument 
has been developed to investigate these human responses to oppressive atmospheric conditions (heat and air 
quality) and health advisories. This survey tool, activated at the conclusion of selected heat/air quality episodes, 
has been applied to two very different US cities, Portland, Oregon and Houston, Texas. Portland experiences a 
temperate oceanic climate and has a greater metropolitan population of just under 2 million, and while not widely 
viewed as a city with significant heat or air quality issues, presents an opportunity to study a potentially vulnerable 
city.  Houston with a population of over 4 million and a subtropical humid climate is one of the most polluted US 
cities, frequently exceeding US air quality standards and has been classified “severe” by the US EPA. In this 
paper we present initial results from the first summer of surveys and discuss ongoing development of the survey 
instrument and plans for integrating its results into the modeling aspects of the project. A parallel analysis of 
historical data in order to assess the dependence of traffic and electricity consumption on weather, air quality, and 
presence or absence of public advisories is also presented.  
 
2. GOVERNMENT ADVISORIES   
 
Both the Texas and Oregon environmental regulatory bodies issue public advisories during episodes of poor air 
quality based on values of the United States Air Quality Index (AQI).  The Oregon Department of Environmental 
Quality (DEQ) issues Clean Air Action Days (CAAD) for Portland when the ozone AQI is expected to be above 50, 
termed “Moderate”, for more than 48 hours (DEQ, 2006). The Texas Commission on Environmental Quality 
(TCEQ) issues an “Ozone Warning” advisory when the AQI in the Houston area reaches 100, termed “Unhealthy 
for sensitive groups” (TCEQ, 2006). The TCEQ called 49, 53 and 59 Ozone Warning Days for the years 2003, 
2004 and 2005, respectively for Houston, compared to 13, 5, and 0 Clean Air Action Days for the same years in 
Portland. Both cities publicize advisory days through the media, email alerts, and by activating highway message 
boards. The advisories differ between the two cities in that Portland CAADs concentrate on reducing the 
magnitude of the episode, with recommendations that endeavor to reduce air pollutant emissions, such as driving 
less and conserving electricity. Conversely, Ozone Warning advisories in Houston concentrate on reducing 
exposure with recommendations such as limiting or avoiding prolonged outdoor exposure.  
 
3. DEVELOPMENT OF SURVEY TOOL 
 
To investigate how human activity levels respond to oppressive atmospheric conditions (heat and air quality) and 
health advisories in both cities, cross sectional surveys are to be activated at the conclusion of selected heat 
episodes across three summers, these surveys commenced during the 2005 summer. The surveys are triggered 
in some instances by less severe conditions than those needed to trigger an ozone or heat advisory to isolate 
responses with and without the presence of advisories. The Computer Assisted Telephone Interviewing (CATI) 
system in Portland State University’s Survey Research Laboratory (SRL) was used to select a random sample of 
the population, using random digit dialing. The surveys triggered by weather/AQ conditions will seek to identify 
changes in activity patterns from the baseline survey that are a direct result of weather/AQ conditions and/or 
health advisories. The surveys will also seek to identify the way in which respondents obtain information regarding 
adverse health conditions, and their perceptions of the reliability of such information. 
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4. SUMMER 2005 SURVEYS 
 
This section presents initial results from the summer 2005 surveys. Table 1 presents details of all days surveyed 
during Summer 2005, three days were surveyed in Portland, and two in Houston. There were no air quality 
advisory days in Portland during 2005, therefore the three days surveyed represent “control” days in that the 
temperature conditions were oppressive, however ozone concentrations were not high enough to trigger an 
advisory. The two days surveyed in Houston were both Ozone Warning Days. Figure 1 presents demographic 
comparisons of survey respondents to city-wide census data (US Census Bureau, 2006). Survey respondents 
tended to be older, more likely to be female, and with a higher level of education than city-wide population 
demographics. Household income was found to not differ between population demographics and survey 
respondents.  
 
Table 1 - Details of days surveyed during Summer 2005 

Target 
Date City No. Survey 

respondents 

CAAD/ 
O3 Warning 

Day? 

Maximum 
1hr O 3 conc 

(ppb) 

Maximum 
temp (°C) 

Minimum 
temp (°C) 

Average dew 
point temp 

(°C) 
27-Jul-05 Portland 142 No 69 34 17 11 
4-Aug-05 Portland 150 No 93 35 16 11 

25-Aug-05 Portland 159 No 60 34 13 10 
1-Aug-05 Houston 100 Yes 140 34 24 23 

22-Aug-05 Houston 121 Yes 167 36 26 23 
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Figure 1 -  City-wide population deomgraphics compared to survey respondant deomagraphics: a) Houston population, b) 
Portland population, c) Houston education, and d) Portland education.  
 
4.1. Perception and response to heat 
 
All five survey days experienced similar maximum temperatures; however the Houston days had a smaller diurnal 
temperature range, with higher minimum temperatures, and were more humid. Figure 2 a) shows the proportion 
of respondents who thought the target day was an extremely hot day; responses were similar for both cities with a 
slight more Houston respondents perceiving the target day to be extremely hot compared to Portland 
respondents, however this difference was not statistically significant (p=0.08). The way in which respondents cool 
their homes differs greatly in both cities with 90% of residents in Houston using central air conditioning compared 
to only 36% in Portland (p<0.01) (Figure 2 b)). Furthermore, Houston respondents run their air conditioners for 
more hours per day than Portland respondents, with over 90% of respondents running their central air 
conditioners for more than 6 hours per day, compared to only 40% of Portland respondents. The thermal comfort 
requirements differ between respondents of both cities as well, with temperature settings for air conditioners with 
programmable thermostats being significantly different for the two cities (p<0.01), with higher thermostat settings 
for Houston respondents. Other interesting responses to the heat, which were similar in both cities included: 10% 
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of respondents visited someone who might find it difficult to cope with heat, and 10% of respondents deliberately 
visited an air conditioned site, such as a shopping centre or library in response to the heat. 
 

4.2. Perception and response to 
poor air quality and public 
advisories 
 
These analyses are confined to 
the two Houston survey days as 
there were no public advisory 
days in Portland during the 2005 
summer. Both Houston survey 
days experienced exceedances of 
current air quality goals, with 1st 
August recording an AQI in the 
“Orange” range – “unhealthy for 
sensitive groups”, and the 24th 
August recording concentrations 
in the “Red” – “Unhealthy” range 
(TCEQ, 2006).  Respondents’ 
perception of the air quality on the 
survey days is presented in 
Figure 2 c), with 32% of a total 
100 respondents feeling the air 
quality was poor on August 1st, 
compared to 42% of 121 
respondents on the more polluted 
August 22nd, However this 
increased perception of poor air 
quality on the 22nd August, is not 
statistically significant (p=0.18). 
Knowledge of the Ozone Warning 
advisories in place does not differ 
significantly between the two days 
with just over 30% of respondents 
on both days aware of the 
advisory (p=0.59). Of those 
respondents who thought the air 

quality was poor, only 10% changed their behavior in response to the advisory, whereas 36% changed their 
behavior in response to their own perception of the air quality. The majority of respondents who were aware of the 
advisory heard about it from television (59%), followed by radio (12%), and newspaper (9%). Other interesting 
responses to the advisory days include: just over 20% of respondents reduced the amount they drove, 26% of 
respondents reduced, avoided or postponed use of an outdoor grill or barbeque, and 27% of respondents avoided 
or postponed refueling their vehicle.  
 
5. HISTORICAL TRANSPORTATION AND ENERGY DATA 
 
To further quantify the sensitivity of transportation and energy consumption to weather, air quality and public 
advisories a parallel analysis was undertaken using historical electricity consumption for both cities and traffic 
data for Portland. Figure 3 a) and b) present non-dimensional daily electricity consumption versus average daily 
temperature for Houston and Portland, respectively. These figures show that Houston electricity consumption is 
summer peaking, where as Portland is winter peaking.  Electricity consumption for summer months only are 
presented in Figure 3 c) and d) with advisory days separated from non-advisory days. Electricity consumption is 
more sensitive to outdoor temperature in Houston than in Portland (almost certainly a reflection of the greater 
saturation of air conditioning in Houston as indicated in the survey responses (Figure 2 b)), however this 
sensitivity does not differ between advisory and non-advisory days. In Portland, electricity consumption is more 
sensitive to an increase in outdoor temperature on advisory days.  An analysis of daily vehicle miles traveled 
(DVMT) traffic data for Portland found a slight increase in DVMT on advisory days, however this increase was not 
statistically significant, and the absence of CAADs during 2005 does not allow comparison with survey responses. 
 

 

 

 
 

 

 

 
Figure 2  - Summer 2005 survey responses: a) proprtion of respondants who though 
the target day was extremely hot, b) proportion of respondants who use central air 
conditioning, d) proportion of Houston residents who thought the air quality was poor, 
e) knowledge of air quality advisory day in Houston on target day.  
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Figure 3 - Non-dimensional electricity consumption versus average temperature for a) Houston, b)Portland, and for summer 
months, both advisory and non-advisory days for c) Houston, d) Portland. 
 
6. DISUCSSION AND CONCLUSIONS 
 
This paper has presented initial results from an ongoing project that uses a multi-faceted approach to assessing 
human responses to extreme heat, poor air quality and public advisories. Results from an initial phone survey 
during summer 2005 showed that perception of heat was similar for both cities; however the way in which 
respondents cooled their houses differed greatly due to greater saturation of air conditioners in Houston. A lack of 
advisory days in Portland during the 2005 summer confined analyses of responses to poor air quality and 
advisory days to Houston.  Knowledge of and response to the public advisories was similar for the two Houston 
survey days with just over 30% of respondents aware that the advisory was in place, 8% of these respondents 
changed their behavior in response to the advisory. A survey of responses to heat-health public advisories in four 
North American cities by Sheridan (2006) found close to 90% of respondents in the cities of Phoenix, Toronto, 
Dayton and Philadelphia, were aware of the heat advisories in place on survey days. The Sheridan survey was 
contained to the population of age 65 and older. In future analyses it would be interesting to investigate if 
knowledge of advisories, either heat or air quality, differ amongst age demographics in Portland and Houston. 
Ongoing investigations include a spatial analysis of responses to heat, poor air quality and advisories, involving 
the spatial distribution of respondents and air quality and meteorological conditions across both cities, and 
spatially resolved electricity consumption and population demographics. These results form part of an integrated 
analysis framework that will link models of meteorology, air quality, energy consumption and human response, 
incorporating feedback mechanisms among individual modules. In addition it is envisaged the results from the 
2005 and subsequent summers’ surveys will provide insight into potential barriers to the effective communication 
of advisories.  It is hoped that through further refinement and implementation of these methods we will develop 
information that can guide public officials as they seek to understand and optimize the performance of their 
advisory systems 
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Abstract 
 
The regular obstacle array of the Mock Urban Setting Test (MUST) field site in the Utah West Desert has been 
replicated in the large boundary layer wind tunnel at Hamburg University. Dispersion from a point source within an 
idealized urban canopy for various wind directions was a main focus of wind tunnel measurements. Two different 
methods were used to estimate travelling time of passive tracer through the array. The first evident method was 
based on measuring instantaneous behaviour of the plume while switching on and off the source; second one 
used the spatial concentration correlation coefficients obtained from simultaneous measurement at two positions. 
Different travelling time behaviour for points situated along and perpendicular to street canyons has been 
detected.  
 
Key words: urban canopy, passive tracer dispersion, wind tunnel 
 
 
1. INTRODUCTION  
 

The dispersion of pollutants in urban areas is still one of the most challenging tasks in environmental 
sciences. Complex processes like the dispersion of car exhaust in street canyons or the dispersion of accidental 
releases of harmful substances in built-up areas are not yet fully understood. For a better understanding of the 
driving phenomena it is helpful to first study flow and dispersion within an idealized urban roughness. An example 
of a simplified roughness set-up at full scale is the Mock Urban Setting Test – MUST, carried out at US Army ‘s 
Dugway Proving Ground (Biltoft, 2001). In order to extend the field data set as well as to enhance the 
representativeness of the MUST data it was decided to carry out a complementing study in a boundary layer wind 
tunnel (figure 1). 

At the beginning of the extensive measurement campaign an atmospheric boundary layer flow at model scale 
was established. Then a specific set of field experiments was replicated in the wind tunnel. After the validation of 
the model set-up by comparison with field results and recommended tabled values, systematic wind tunnel tests 
were carried out. Detailed flow and dispersion measurements were carried out for different wind directions and 
source conditions. 

Dispersion models are now widely used for assessing air quality by providing prediction of present and future 
air pollution levels as well as temporal and spatial variations. The models are treated from two different aspects. 
The first one is operationally, which is required by decision making bodies. It means that the results must be clear 
and available immediately. The second aspect is credibility, i.e. the physics inside the model should be as 
complete as it is possible. The second approach ought to be prefer, however the programming and calculation 
time of such models is impropriate for air quality 'now-casting'. Travelling time is often used as a parameter in the  

 

 
 

Figure 1: The field site (left picture) and the wind tunnel model (right picture) of the MUST experiment. 
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simpler urban air pollution models, like Gaussian ones, and these study could be used as a reference for them. 
 
2. FIELD EXPERIMENT MUST   
 

The field measurements were carried out in September 2001 at Horizontal Grid on the U.S. Army Dugway 
Proving Ground, located in the Great Basin Desert of northwestern Utah. The test site and the surroundings were 
predominantly flat and homogeneously covered with a mixture of sparse greasewood and sagebrush during the 
experiment.  

Each obstacle was a rectangular container, with a width (W) of 12.2 m, length (L) of 2.42 m, and height (H) of 
2.54 m. A total of 120 obstacles was placed in a nearly aligned configuration consisting of 12 rows of 10 
containers. The overall width and length of the obstacle array were 193 m and 171 m, respectively. Various 2D 
and 3D sonic anemometers and high-resolution concentration detectors were placed around, above, and 
throughout the array on various towers. Details of the instrumentations deployed and the experiments conducted 
in MUST are given in Biltoft (2001) and Yee (2004). 

The majority of the MUST field campaigns were carried out during the night and that, together with the desert 
surrounding, ensures mainly stable stratification at the test site. Our intention was to model the test site in the 
wind tunnel with a neutrally stratified atmospheric surface layer (ASL). Therefore we have chosen for comparison 
only two days (25th and 26th September 2001) with relatively strong wind (between 7 and 11 m/s at elevation 32m) 
and thus only slightly stable stratification in the ASL. 
 
3. WIND TUNNEL EXPERIMENT 
 

A boundary layer in the scale of 1:75 which models in its lower part the mean and turbulent conditions in the 
field (Yee, 2004) and tabled properties (VDI Guidelines, 1999) has been generated in the big wind tunnel WOTAN 
of Hamburg University. 

Detailed measurements of the flow properties (i.e. shear stress profiles, development of the flow within the 
canopy, dependency on different wind directions, etc.) were recorded using Laser Doppler Anemometry. The 
concentration measurements were made with Fast Flame Ionisation Detector (FFID), which provides a frequency 
response of about 200 Hz.  

The first evident method, how to estimate travelling time through the obstacle array is used a magnetic valve 
controlling by an automatic controller, which ensured automatic switching between “on” and “off” phases of the 
source with constant time steps and synchronized concentration detection within the field. Since the 
instantaneous behaviour of the plume is very changeable (figure 2), a sufficiently large number of measurements 
is needed for statistic treatment and that makes this approach quite time consuming.  

Two FFID chambers were used during the second phase, when the other method for travelling time 
estimation was used. The focus of these measurements was a simultaneous high time resolution (50 Hz during 
the field campaign; 200 Hz during the wind tunnel campaign) sampling of an instantaneous concentration field at 
two points. These simultaneous time series records were used for computation of a spatial concentration 
correlation fields within the plume as a function of the time lag and the time when the maximum of correlation 
coefficient appears was assumed to be travelling time from the first to the second sampling point. The same data 
were available from the field experiment and the comparison of curves obtained from the same set-up is shown in 
figure 3. The maximum of spatial correlation coefficient occurs at the same dimensionless time and even has the 

same magnitude. The dimensionless time is defined as 
1

00* −= LtUt , where t is time measured in the field (or 

in the wind tunnel), U0 is characteristic wind speed (in this case it is wind speed measured at 8 m on the upwind 
tower), and L0 is characteristic length (the container height). The only problem is that the field spatial correlation 
coefficients (thin lines in figure 3) have not such a clear behaviour (only one well pronounced maximum/minimum) 
as wind tunnel ones (bold lines in figure 3), and therefore it can be sometimes difficult to assess what is peak 
belongs to travelling time and what is measurement or set-up errors.  

 
4. RESULTS 
 

The estimation of travelling time from individual puff is possible, however we have chosen to use the average 
puff (bold line in figure 2) to obtain more general value and to minimize the error. Nevertheless the errors are 
larger than errors of second (spatial correlation coefficient) method and the measurement is much labour-
intensive. The puff releases data set is much more worth for instantaneous behaviour statistics, like intermittency 
factors, cumulative sums and probability density function as a function of release time or Reynolds number. 

The test side set-up was chosen to be with –45° approaching wind direction, i.e. the model was oriented as it 
is shown in the right part of figure 1, thus the wind was oblique to the container array and the streets were 
channelling the flow. Therefore the strongest dependency of travelling time was found on the dimensionless 
along-street detectors distance delta y (figure 4). The characteristic length L0 was used as a scale. 
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Figure 2: Examples of individual puff releases, the bold line is an average from 64 realisations, the dashed line is 

showing on/off phase of the source and the thin line is showing one of the realisations. 
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Figure 3: A comparison of spatial-correlation coefficients as a function of time lag. The bold lines are showing the 

wind tunnel results (labelled WT) and the thin lines are showing the values obtained in the field. 
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Figure 4: Travelling time t* as a function of dimensionless along-street distance of the two detectors, delta y, for 

different set-ups (one detector was always fixed and the second travelled through the container array). 
 
5. CONCLUSIONS 
 

All obtained values quite nicely fit into one line in figure 4. The slope of the dependency was assessed to be 
k=0.55. Since both axis are dimensionless, the travelling time through the container array is equal t*=delta y ∗ k-1, 
and the passive tracer advective speed in the along-street direction v = delta y / t*, it can be conclude, that 
passive tracer advective speed for wind direction –45° and  for the height z=0.63 H is 0.55 wind speed measured 
in the undisturbed approaching field at 3.15 H (8 m).  

The spatial correlation coefficient method showed to be much more effective and accurate than the puff 
method for travelling time estimation. 
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Abstract 
 
The influences of atmospheric exchange conditions on near-surface PM10 concentrations are analysed for four 
cities in the southwest of Germany for the period 2001 to 2005. For each city the PM10 data originate from 
roadside stations and urban background stations, i.e. two types of official urban air quality monitoring stations 
characterised by a different emission situation. The atmospheric exchange conditions are represented by solar 
radiation, air temperature, wind speed, precipitation, and mixing-layer height. The results of the statistical analysis 
indicate that precipitation and mixing-layer height are the meteorological variables influencing near-surface PM10 
concentrations within cities most significantly. The absence of precipitation and low values of the mixing-layer 
height lead to comparatively high PM10 levels, particularly in winter. 
 
Key words:  particulate matter, atmospheric exchange conditions 
 
1 INTRODUCTION 
 
According to the EU Air Quality directive 1999/30/EC the number of days with 24-h mean values of PM10 
exceeding the short-term limit value of 50 µg m-3 is restricted to 35 per year since January 2005. At the same time 
the long-term limit value for the annual mean PM10 concentration was set to 40 µg m-3. In Germany, the 22nd 

BImSchV, a decree for the environmental protection, transfers this EU directive into a national law, sets limit 
values for several air pollutants including PM10, and demands guidelines for precautions and actions in case of a 
violation of these standards. Currently, in many German cities the short-term PM10 limit value cannot be complied, 
e.g. in Munich, Leipzig, Düsseldorf, Hannover, Bremen and Berlin (Umweltbundesamt, 2005). Therefore, 
indicators which forward elevated PM10 concentrations have to be identified and strategies to reduce peak PM10 
concentrations have to be developed. 
Several studies showed, that PM10 concentrations are driven by both local emission characteristics and 
meteorological conditions (e.g. GREENE et al., 1999; MCGREGOR et al., 1999; GOMIŠČEK et al., 2004; HARRISON et 
al., 2004; ANKE et al., 2005; HOOYBERGHS et al., 2005; KUKKONEN et al., 2005; LEE et al., 2005; SASAKI and 
SAKAMOTO, 2005; WISE and COMRIE, 2005). Thus, effective strategies to reduce peak PM10 concentrations need to 
consider both factors: basic knowledge about emission groups and particle load by traffic as well as indicators for 
meteorological conditions favouring elevated PM10 concentrations. 
The aim of this study was to analyse the effects of atmospheric conditions (turbulent exchange, precipitation) on 
mean daily PM10 concentrations for selected urban sites in the southwest of Germany. These results broaden the 
existing knowledge on the role of atmospheric processes on PM10 concentrations. 
 
2 MATERIALS AND METHODS 
 
Near-surface PM10 data originated from two types of urban stations within the official air quality monitoring 
network run by the State of Baden-Wuerttemberg, i.e. from roadside stations and urban background stations. The 
atmospheric exchange conditions were represented by both, measured meteorological data at the urban 
background sites (solar radiation, air temperature, wind speed, precipitation) and model outputs of the local model  
(LM) of the German Weather Service (DWD): air temperature (2 m a.g.l.), short-wave and long-wave radiation 
balance (2 m a.g.l.). The resolution of the LM data is 3.5x3.5 km (horizontal) with 11 levels (vertical: air 
temperature, horizontal and vertical wind components, specific humidity) within the lower 2.2 km.   
 
3 RESULTS 
 
Situations with extremely high PM10 values mostly occur during high pressure situations in winter. During the 
summer months, the short-term PM10 limit value is rarely exceeded. Furthermore, exceedings of the short-term 
PM10 limit value during winter occur contemporaneously at many if not all stations in Baden-Wuerttemberg. This is 
shown exemplarily in Fig. 1 for four larger cities in the state Baden-Wuerttemberg during 2003. Daily mean values 
of PM10 < 50 µg m-3 are shown as small black dots, exceedings of the limit value (PM10 > 50 µg m-3) are shown as 
grey-scaled filled circles. 
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Fig. 1: Exceedings of short-term PM10 limit values (daily means > 50 µg m-3) at 4 cities in Baden-Wuerttemberg in 
2003 (filled circles). Small black dots indicate available data. 
 
The main temporal patterns of the PM10 concentrations at the roadside stations and the urban background 
stations in cities in the southwest of Germany were comparable. Although, mean PM10 concentrations were 
evidentially higher at the roadside stations than at the urban background stations (20% to 40%, Table 1). Taking 
only those days into account, when the short-term standard for PM10 was exceeded at the roadside station (PM10 
> 50 µg m-3), the absolute values of the roadside PM10 increment increased compared to all available data. With 
PM10 > 50 µg m-3, it ranged between 10 µg m-3 (Karlsruhe) and 15 µg m-3 (Mannheim and Stuttgart), i.e. it 
doubled approximately in Freiburg, Karlsruhe and Mannheim and was 1.5 times higher in Stuttgart compared to 
mean values at all concentration levels (Table 1). However, the mean ratio between the urban background and 
the roadside PM10 concentration increased only slightly (Rost et al., 2006).   
 
Table 1: Mean and median PM10 concentrations at roadside and urban background stations within cities in the 
southwest of Germany from 1 January 2001 to 31 May 2005.  
  roadside 

(µg m-3) 
urban background 

(µg m-3) 
roadside increment 

(µg m-3) 

roadside / urban 
background 

(%) 
Freiburg mean 26 20 6 130 
 median 23 17 6 135 
Karlsruhe mean 30 25 5 120 
 median 27 23 4 117 
Mannheim mean 33 26 7 127 
 median 29 22 7 132 
Stuttgart mean 36 27 9 133 
 median 33 23 10 143 

 
To analyse the behaviour of PM10 concentrations with respect to meteorological conditions, PM10 concentrations 
measured from January 2001 to May 2005 were correlated with mixing-layer height hML, precipitation, and wind 
speed at street level. hML was used as a suited variable to characterise the turbulent exchange within the PBL. 
Therefore, high PM10 concentrations were expected in combination with low values of hML. On days without 
precipitation, the exemplary results for the roadside station and urban background stations in Stuttgart, Mannheim 
and Freiburg exhibit a significant increase of 24-h mean PM10 concentrations with decreasing hML values (at 12 
UTC) due to the reduced turbulent exchange (Fig. 2).  
 
The impact of precipitation on the PM10 concentrations is shown in Fig. 3 for stations within the official air quality 
network in Stuttgart (2001 to 2005). The initial PM10 concentrations (day –1) were significantly lowered by 
precipitation (day 0). On the following days without any precipitation, PM10 concentrations increased again, 
reaching levels of day-1 approximately 3 to 5 days after the precipitation event. During precipitation events, PM10 
is washed out of the atmospheric layer below the clouds and road dust is cleaned from the street resulting in 
significantly decreased PM10 concentrations following precipitation events. A detailed analysis revealed that the 
amount of precipitation was not of particular relevance for the reduced PM10 concentrations, but only the 
precipitation event itself. 
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Fig. 2: Mean PM10 concentrations for discrete mixing-layer height hML intervals at days without precipitation at 3 
cities (roadside and urban background [UB]) in south-western Germany (Mannheim [MA], Stuttgart [S], Freiburg 
[FR]) in the period 1 January 2001 to 31 May 2005. 
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Fig. 3: Mean PM10 concentrations before (day –1), during (day 0) and after (day > 0) precipitation P events of at 
least 1.0 mm day-1 at Stuttgart (one roadside station and four urban background stations) in the period 1 January 
2001 to 31 May 2005. 
 
4 CONCLUSION 
 
The results show that main patterns of PM10 concentration were similar at the roadside stations and at those 
stations representing the urban background. The results from correlations between PM10 concentrations and 
meteorological variables characterising the exchange conditions within the PBL are summarised as follows: 

• Extremely high PM10 concentrations were recorded during stable stratification and low turbulent 
exchange during stagnant synoptic situations. The highest PM10 concentrations were observed on days 
with low hML values. 

• These situations occurred most commonly in the winter half year, whereas PM10 concentrations only 
seldom exceeded the short-term PM10 standard of 50 µg m-3 in the summer half year.  
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• There are regional differences between the day of the outset and between the intensity of periods with 
exceeded short-term PM10 limit values within the network of monitoring stations. High PM10 concentration 
periods came to an end nearly contemporaneously at all measurement stations. Thus, the length of such 
periods differed between the single stations. 

• Focal points of  high PM10 concentrations are Stuttgart, the northern upper Rhine valley, the region Lake 
Constance as well as the eastern part of the state of Baden-Wuerttemberg. Only few exceedings of 
PM10 limit values could be observed in the high altitude regions.  

• In winter, high pressure situations are characterised by a negative net radiation balance and hence 
stable stratification even during day-time, while in summer the net radiation balance is negative in the 
night-time, but positive during day-time. Therefore turbulent exchange is present during summer high 
pressure situations leading to moderate PM10 concentrations. 

• Precipitation had an essential impact on PM10 concentrations due to the wash-out effect. It disguised the 
dependency of PM10 concentrations on hML. 

• PM10 episodes were mostly ended by changing synoptic situations, when a high pressure system was 
replaced by a low pressure system with different air masses, high hML, high wind speed, and 
precipitation. 

• The impact of the weather conditions on PM10 concentrations was larger than the roadside increment 
due to the site-specific emission from vehicular traffic. 

Based on these results, it seems to be unlikely that local traffic limitations will have a significant influence on PM10 
concentrations. To protect from a potential violation of the short-term PM10 standard at the roadside stations, large 
areas need to be banned from traffic a few days in advance at certain synoptic situations. These measures would 
be effective for only short periods of time under stable atmospheric conditions, but most effective 
contemporaneously to precipitation events. 
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Abstract 

Long-term measurements of suspended particulate matter (SPM, <7 µm), PMfine (<2.1 µm), and  PMcoarse 
(2.1 to 7 µm) were obtained from a traffic-dominated site in Tokyo, Japan for the period of 1994 to 2004 to 
evaluate the effects of emission reduction measures for motor-vehicle emissions. SPM decreased from 1996 
forward, with all of the downward trend attributable to the PMfine fraction.  Annual average PMcoarse was constant 
over the ten-year period. From 1996 to 2004, PMfine decreased at a rate of 2.37 µg m-3 yr-1 for PM2.1 mass.  Most 
of this decrease was attributable to decreases in organic and elemental carbon.  This decrease is consistent with 
fleet penetration of engines and fuels that complied with a stringent Japanese emission reduction limit which 
began to take effect in 1994.  Sulfate and nitrate concentrations did not decrease over this period.  Evidence of 
Asian dust storm contributions was found in elevated PMcoarse and water-soluble calcium levels during the spring. 

Key words: Japan, Tokyo, trends, particulate matter, chemical composition, elemental carbon 

1. INTRODUCTION  
 
 Atmospheric particulate matter (PM) is important for health, visibility, and climate (Vedal, 1997; Watson, 
2002; Jacobson, 2002). Vehicle emissions are major contributors to PM, even with recent advances in emission 
reduction technology (Chow and Watson, 2002).  Japanese emission limits were issued in 1986 for carbon 
monoxide (CO) and hydrocarbons (HCs) and in 1994 for nitrogen oxides (NOx) and PM.  PM emission limits were 
reduced in the 1990s, with new limits for 2005 that are anticipated to be the most stringent in the world. 

SPM (suspended particulate matter) refers to the Japanese PM standard for particles sampled through 
an inlet having 0% transmission for particles with 10 µm aerodynamic diameter.  This is equivalent to a 50% cut-
point of SPM at ~7 µm aerodynamic diameter. Annual average SPM in Tokyo has exceeded 50 µg m-3 since the 
1990s.  Approximately 80% of the 49 monitoring stations exceeded the 24-hour standard of 100 µg m-3 (98th 
percentile) in 1994.  If engine exhaust is a large contributor to SPM in Japan, it is expected that SPM levels would 
decrease as emission limitations take effect in the vehicle fleet. 

To evaluate changes in vehicle contributions, ten years of PM mass and chemical concentrations 
obtained in a Tokyo traffic-dominated environment from 1994 to 2004 are examined. Special attention is given to 
the organic carbon (OC) and elemental carbon (EC) fractions, as these constitute most of the vehicular mass 
emissions (Watson and Chow, 2001; Watson et al., 2001).  Sulfate, nitrate, ammonium, and other water-soluble 
ions provide information on other sources that cause high SPM levels.  The observed trends are related to 
expected reductions in vehicle emissions over the sampling period. 
 
2. EXPERIMENTAL METHOD   
 
 Table 1 summarizes the measurements at the urban (Kudan) and roadside (Noge) monitoring sites. 
Kudan monitors were placed on the rooftop of a ten-story building about 30 m above ground in downtown Tokyo. 
Noge monitors were located at the busy roadside of Ring 8 with a traffic volume of ~92,000 vehicles/day on 
weekdays, including 13% heavy-duty vehicles. The Kudan site is surrounded by office buildings and large open 
spaces, including the Yasukuni Shrine and Imperial Palace. 

Table 1.  Summary of ambient measurements between 1994 and 2004. 
Sampling 

Site 
PM Size Instruments Observables Measurement Method 

Sampling 
Duration and 

Frequency 

Measurement 
Periods 

SPM 
(~PM7) 

Beta attenuation monitor 
(BAM; Model DUB-12, DKK-Toa 

Corp. Ltd., Tokyo, Japan) 
Mass beta attenuation 

1 hr, 24 
samples/day, 
365 days/yr 

6/1/1994 
through 

12/31/2003 
Mass gravimetric analysis 

Organic carbon 
(OC), Elemental 
Carbon (EC), and 
Total Carbon (TC) 

OC: 100% He at 450 °C 
for 8 min. 

TC: 90% He/10% O2 at 
950 °C for 5 min. 

6/1/1994 
through 

9/26/2004 

Kudan 
(urban 

background) 

PMfine (< 
2.1 µm) 

and 
PMcoarse 
(2.1-7 
µm) 

Andersen Cascade 
Impactor Sampler (Model 
AN-200, Tokyo Dylec, Tokyo, 

Japan) with quartz-fiber 
filters (2500 QAT-UP, Pall 

Sciences, Ann Arbor, MI, USA) Cl-, NO3
-,SO4

=, 
Na+, K+, and NH4

+ 
ion chromatography 

2 weeks, 26 
samples/ yr 

3/31/1997 
through 

9/26/2004 
Noge 

(roadside) PM2.5 
Ambient carbon 

particulate monitor (Model 
5400, R & P, Albany, NY, USA) 

OC and EC 
OC:  340 °C for 13 min. 
EC:  750 °C for 8 min. 

2 hr, 12 
samples/day, 
365 days/yr 

12/8/2002 
through 
9/5/2004 
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As specified in Table 1, both in-situ continuous hourly and two-week integrated SPM filter measurements 
were acquired at the Kudan site.  Hourly mass concentrations were measured by a beta attenuation monitor 
(BAM) equipped with an SPM cyclone size-selective inlet operated at a flow rate of 18 liters/minute (L/min). This 
type of SPM monitor is widely used in Japan to determine compliance.  The three-stage Andersen cascade 
impactor (< 2.1 µm, 2.1-7 µm, and > 7 µm) sampler operated at 28.3 L/min and collected two-week integrated 
PMfine (< 2.1 µm) and PMcoarse (2.1-7 µm) mass on quartz-fiber filters. 

OC and EC on collected filters were determined based on the method of Mizohata and Ito (1985) that is 
widely used in Japan.  A portion of the quartz-fiber filter was heated to 450 °C for eight minutes in 100% He. The 
evolved carbon is oxidized to carbon dioxide (CO2) over a copper oxide (CuO) catalyst at 650 °C and quantified 
by non-dispersive infrared (NDIR) detection.  This carbon is designated as OC.  Another portion of the sample is 
heated to 950 °C for five minutes in 90% He and 10%  O2 to determine total carbon (TC).  EC is determined by 
subtracting OC from TC.  The R&P 5400 continuous carbon monitor at the Noge site was operated in its standard 
mode with analysis in ambient air at 340 °C for thi rteen minutes and 750 °C for eight minutes to deter mine OC 
and EC, respectively. 

Water-soluble chloride (Cl-), nitrate (NO3
-), sulfate (SO4

=), sodium (Na+), potassium (K+), and ammonium 
(NH4

+) were measured by ion chromatography after extraction of a portion of the quartz-fiber filter in distilled-
deionized water (Chow and Watson, 1999).  Five field blanks were analyzed for carbon and ions. 

 
3. RESULTS  
 
3.1. PM MASS CONCENTRATIONS  
 

Before 2000, elevated SPM concentrations were frequently observed in summer (June - August) and 
winter (December - February) in hourly average SPM. High concentrations in summer may be attributed to the 
photochemically generated SO4

=.  In winter, SPM emissions accumulate in a shallow surface layer that persists 
until several hours after sunrise.  Annual 
SPM concentrations exceeded 50 µg/m3 
between 1994 and 1997, but started to 
decrease in 1998. The abrupt decrease in 
1999 was measured at several Japanese 
monitors, especially at the 27 roadside 
monitoring sites operated by the Tokyo 
metropolitan government (Tokyo 
environmental white paper, 2005). Mean 
wind speeds in both summer and winter 
were above their historical norms, and it is 
possible that there was greater dispersion 
during 1999 owing to unusual weather.  

Trends in PMfine and PMcoarse 
concentrations from Kudan are described in 
Figure 1.  The long-term improvement in 
SPM levels is due solely to reductions in the 
PMfine fraction.  Apparently, contributions 
from coarse particle sources, such as road 
dust or marine aerosol, did not change over 
the ten-year monitoring period.  A few 
spikes in the two-week average PMcoarse 
during springtime probably reflect 
contributions from Asian dust storms (Fu et 
al., 2004; Ma et al., 2005), which are 
common occurrences in Japan. 

 
3.2. PM CARBON TRENDS  

Figure 2 shows OC and EC trends for the monitoring period.  PMfine EC was much higher than PMfine OC, 
reflecting the dominance of diesel engines in the Japanese vehicle fleet (MOE manual, 1997), as well as the 
carbon analysis method that separates OC from EC.  The average EC/TC ratio was 0.76 in PMfine and 0.63 in 
PMcoarse. The high PMfine EC/TC ratio is similar to other measurements reported in Japan (Kadowaki, 1990; Ohta 
and Okita, 1994) and Hong Kong (e.g., Louie et al., 2005).  The EC/TC ratio decreases with time, consistent with 
diesel vehicles becoming more efficient combustors.  PMfine OC and EC concentrations started to decrease after 
1996, corresponding to the downward trends for PMfine  mass in  Figure 1.  OC reductions of 0.36 µg m-3 yr-1 and 
EC reductions of 0.88 µg m-3 yr-1 are estimated from the linear regression slope.  These decreases are consistent 
with fleet penetration of lower emitting diesel engines mandated by the 1994 NOx and PM regulations.  Figure 2 
shows that the highest OC and EC concentrations occur during late fall and winter, consistent with the diurnal 
PMfine cycles.  EC is of primary origin, and it appears to be highly coincident with the OC temporal pattern, even 

Fig.1 Two-week and annual average (inset) PMfine(<2.1µm) 
and PMcoarse(2.1-7µm) mass concentration at the Kudan 
site. The dashed line is a least-squares fit to the annual 
average which shows a decrease of 2.37µgm-3yr-1 for PMfine

starting September 1996. 
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though some of the OC may have formed from oxidation of organic vapors during the summer.  The traffic-
dominated nature of the Kudan site and the high EC/TC ratios are consistent with a large contribution to OC and 
EC from mobile emitters. 

The long-term carbon record at Kudan is consistent with the shorter-term record at Noge. At this 
roadside site, a much higher 2.56 µg m-3 yr-1 EC reduction rate was found (as shown in Figure 3); i.e., three times 
the rate measured at Kudan. This value may  be biased owing to the shorter measurement period, as well as the 
different EC measurement method.  Since these roadside carbon values are certainly dominated by vehicular 
emissions, the cause of the decrease is probably due to penetration of lower emitting engines. 

 
3.3. CHEMICAL COMPOSITION  
 

OC and EC are important; but, they 
are not the major components of PMfine. For 
the seven years during which they were 
measured with water-soluble ions, TC 
contributed 34% of PMfine while water-
soluble ions contributed 41% (including 37% 
from NO3

-, SO4
=, and NH4

+). Only 14% of 
PMcoarse was composed of carbon.  The 
“other” category (mostly unmeasured 
mineral oxides) constituted 55% of PMcoarse 
along with a 14% contribution from Na+ and 
Cl- (mostly likely marine aerosol from the 
nearby coast).   
 Reductions in OC and EC with time 
are evident in Figure 2, but other chemical 
components do not show a similar 
decreasing trend. Diesel fuel sulfur content 
was reduced to < 500 ppbw in 1995, prior to 
the commencement of SO4

= measurements, 
so this change would not be detected. A 
volcanic eruption on Miyake-Jima Island 
(located southwest of Tokyo) occurred in 

Fig.2 Temporal variations in OC and EC concentrations at 
the Kudan site.   The reduction rate of each component 
since 1996, shown by the dashed line, is 0.36 µg m-3 yr-1 for 
OC and 0.88 µg m-3 yr-1 for EC. 

Fig.3 Two-hour averaged OC and EC 
concentrations from the R&P5400 
carbon monitor at the Noge site from 
12/1/2002 through 8/31/2004. The 
dotted line shows EC concentrations 
decreasing at a rate of 2.56 µg m-3 yr-1. 

Fig.4 Temporal variations of ion concentrations in PMfine (< 2.1 
µm) and PMcoarse (2.1-7 µm) measured at the Kudan site.  The 
double-star symbol in Figure 10a corresponds to a volcanic 
eruption on Miyake-jima Island in June, 2000.  The stars in 
Figure 10g correspond to Asian dust storms. 
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June 2000, but the SO4
= levels for this period do not appear to be higher than those during other summers. Ship 

emissions and transport from China (Zhang et al., 2004) are important sources of SO4
=, especially during summer 

when transport distances are long and photochemistry favors SO4
=  formation. NO3

- levels were highest in non-
summer months, consistent with lower temperatures that favor the particulate phase. Na+ and Cl- levels are also 
higher during winter, consistent with accumulation of nearby emissions during stagnant conditions and the 
penetration of a marine layer into the Tokyo area. 
 Figure 4 displays the variations for the two-week averaged PMfine and PMcoarse chemical concentrations. 
The rapid decrease of Cl- concentrations in Figure 4c from ~6 µg/m3 in 1997 to ~1 µg/m3 in 2004 is notable. A 
slow decline of PMfine NH4

+ concentrations in Figure 4d, with little seasonal variation before 2000, is detectable. 
The PMfine ion balance showed good agreement between NH4

+ and the sum of anions (Cl-, NO3
-, and SO4

=). Many 
of the high-spike PMcoarse Ca++ concentrations in Figure 4f correspond to the Asian dust storms (Minoura et al., 
1998). 
 
4. CONCLUSIONS  
 

SPM (~PM7) concentrations have decreased from 1994 to 2004 at a neighborhood-scale monitoring site 
near heavily traveled roadways in Tokyo, Japan.  These trends are entirely attributable to reductions in the PMfine 
(< 2.1µm) size fraction that decreased at a rate of  2.37 µg m-3 yr-1 after 1996.  This followed the introduction of 
new technology diesel engines in 1994 with stringent limits on PM emission rates.  Most of the reductions can be 
attributed to changes in the carbon fraction of PMfine, especially the elemental carbon component.  The ratio of 
elemental to total carbon also decreased, indicating that these primary emissions were decreasing more rapidly 
than organic carbon, some of which comes from conversion of gases to particles.  

Sulfate, nitrate, and ammonium levels did not show a large decrease, although chloride concentrations were 
substantially lower after 1997. Evidence of Asian dust storm contributions was found by increases in coarse particle mass 
and soluble calcium concentrations during the spring. 
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Abstract 
Aim of the work is modelling the present and future scenarios of urban air quality, using an urban dispersion 
model. The analysed pollutants are NO2 and PM10 annual average values for present and future scenarios to 
compare with the law targets. Results show that the urban model performs quite well to assess long term 
averages of PM10 and NO2, less to simulate peak pollution. Output of the model were used to calculate the 
population exposure in the study area. Moreover, an analysis for benzene in and out the centre of the town has 
been made to calculate the efficacy of the reductions of the traffic flows. Because of the morphology of the centre 
area, the flows reduction efficacy is here lower than in the area outside the centre. 
 
Keywords: PM10, NO2, Benzene, Vehicle park, modelling integrated system, population exposure. 
 
1. Introduction 
Modelling is one of the main tools to evaluate air quality of the present and future scenarios. The first daughter 
directive of European Framework Directive on Air Quality (EU Directive 99/30/EC) requires that concentrations of 
NO2

, PM10 and benzene are below limit values specified for 2005 and 2010. These pollutants are focus on 
Bologna often affected by high pollution because of its location in the Po Valley, morphology and high traffic flows 
of its streets.  
Furthermore, the air quality modelling is linked with population exposures because the urban air pollution is 
associated with significant health effects. 
 
2. Modelling methodology 
The urban dispersion model used is the Advanced Gaussian ADMS – Urban model (CERC, 2003), which treats 
industrial, domestic and road traffic emission sources in urban area and includes the OSPM street canyon model 
(Hertel et al, 1990), suitably adjusted to incorporate the meteorological input profiles. Furthermore, it includes a 
simple chemical reaction scheme for the photochemical cycle of nitrogen oxides and ozone, and another scheme 
for the sulphate chemistry. 
A modelling integrated system is used in the analysis of present and future scenarios. The simulation domain 
covers a district (2 km x 2 km) of the Bologna urban area. Output surface fields are calculated with a 50 m 
horizontal resolution. 
Detailed traffic emissions on 213 road links are estimated on the basis of traffic flows (source: Bologna 
Municipality) and emissions factors. The vehicle park in Bologna for the year 2003 is taken from ACI (Italian 
Automobile Club) integrated with information coming from PSC (Bologna Municipality Structural Strategic Plan).  
The vehicles were split into following categories: passenger cars, light and heavy vehicles, mopeds and 
motorcycles. Vehicle categories were subdivided by fuel (gasoline, diesel and LPG) and by capacity (<1400, 1400 
– 2000, > 2000). 
The scenario at 2010 has built considering the linear evolution of the inscribed and the striking off vehicle 
calculated on the last 5 years. Moreover, to estimate the composition of the 2010 vehicle it was considered two 
hypothesis: the inhabitants of Bologna Municipality will increase of 6.5% and the rate of motorization will be 
constant.  
The model was run to calculate the daily and hourly mean concentration respectively for PM10 and NO2 during a 1 
year period (April 2003 - March 2004). The model had provided the percentiles appropriate for calculate the 
exceedences established by EU Directive 99/30/EC.  
The emission factors were taken from the Corinair 2000 for gases, and from the TNO (Netherlands Organisation 
for Applied Scientific Research) for PM10 (cold starts, brake wear, tire wear and road abrasion).  
The emissions time-varying profiles were calculated from the Bologna PSC data.  
The model was run using two different hourly meteorological datasets. The first one is provided by the mass 
consistent meteorological pre-processor CALMET, operationally running at the ARPA Hydrometeorological 
service (Deserti et. al., 2001), which uses the meteorological data taken from surface and upper air stations in 
northern Italy. The other dataset, called LAMA, was provided by the non-hydrostatic meteorological model Lokal 
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Modell (Doms et al, 1999), with a continuos assimilation of surface and upper air stations over its domain, 
covering the whole italian peninsula, the Alps and part of the Mediterranean Sea.  
The urban background concentrations were provided by the chemical transport model CHIMERE (Vautard et al, 
2001) with a 50 km horizontal resolution, covering a large part of central and southern Europe. Data were 
provided by INERIS (Institut National de l'Environnement Industriel et des Risques). 
 
Table 1. Emissions from road sources. 
 

 
CO 
t/y 

NOx 
t/y 

VOC 
t/y 

Benzene 
(3% of 
VOC) 

t/y 

PM10 
t/y 

NH3 
t/y 

Road sources 
(213 links) 2352 166 370 11 16 4 

 
A deterministic exposure model is then coupled with the outdoor air quality model. Target population is 333 
children attending two primary schools located in the study area. Time weighted annual mean personal exposures 
are estimated on the basis of pollutant concentrations in four micro-environments: residential indoor, school 
indoor, outdoor and traffic. The air quality model provides PM10 and NO2 home/school outdoor concentrations; 
indoor concentrations are calculated by using EXPOLIS infiltration factors (De Bruin et al, 2004). Time spent in 
each micro-environment is estimated by using information derived from different sources (school administration, 
surveys, subjective evaluations). Three typical exposure patterns are defined: a schooling day in the period 
September-May, a week-end day in the same period and a summer day (from June to August).  
 
3. Results 
The simulated pollutants concentrations were compared with the data measured by an air quality monitoring 
station located in the simulation domain (figure 1). Table 2 shows a good agreement between simulated and 
observed mean of PM10, while NO2 annual mean is slightly overestimated, but both these indexes are within the 
error range (30%) required by EU Directive 99/30/EC. The model is weaker in reproducing the peak 
concentrations; the PM10 35th highest daily value is well reproduced, unlike the NO2 18th highest hourly value 
(table 2) which does not satisfy EU requirements with a modelling uncertainty over 50%. The annual run was 
obtained with CALMET meteorological dataset. 
 
Table 2. Urban model results for the annual period. 
 

 
Receptor 

 

 
NO2 

annual mean 
µg/m3 

 
NO2 

18th highest 
hourly value 

µg/m3 

 
PM10 

annual mean 
µg/m3 

 
PM10 

35th highest 
daily value 

µg/m3 
 

simulated_S. Felice 68 195 46 68 

 
observed_S.Felice 52 123 42 73 

 
Table 3 reports the mean values of pollution episodes (summer and winter) obtained with the meteorological 
datasets, CALMET and LAMA. The summer period was from 10 to 16 June 2003 (max observed value O3 250 
µg/m3, 11/06/03) and the winter period was from 12 to 19 February 2004 (max observed value PM10 164 µg/m3, 
26/02/2004). During the summer pollution episode the PM10 daily concentration was in good agreement with 
observations, while it was underestimated during winter. On the other hand NO2 results are in good agreement 
with observations during winter.  
Concentrations calculated with LAMA meteorological input result higher than concentrations calculated with 
CALMET meteorological input, probably because mixing height and wind speed are often smaller in the first 
meteorological dataset than in the second one. 
 
Table 3 Urban model results for the pollution episodes (in square brackets results obtained with LAMA 
meteorological input). 
 

Averaging 
period 

NO2 simulated 
period mean 

µg/m3 

NO2 
observed 

period mean 
µg/m3 

PM10  simulated 
period mean 

µg/m3 

PM10 
 observed 

period mean 
µg/m3 

summer 
episode 

102 [136] 35 50 [69] 32 
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(10 – 16 june 
2003) 

winter episode 
(12 – 19 

february 2004) 
63 [71] 65 55 [66] 87 

 
The simulated annual average fields were evaluated in order to identify the parts of the domain where the air 
quality limits are exceeded. Hot spots are in the major streets and cross-roads, where the NO2 and PM10 annual 
average limit for health protection (40 µg/m3, EU Directive 99/30/EC) are not respected. Pollution is more 
homogeneously distributed in the North eastern part of the domain because the roads are wider. Furthermore, the 
street canyon effect is more important in the South eastern side of the domain, where the narrow streets arrive in 
the historical centre of the town. 
Frequency distributions of the personal NO2 and PM10 annual mean exposures of the children are shown in figure 
1. The mean personal exposures were lower than monitoring station mean values. NO2 and PM10 children mean 
exposures were respectively about 50% and 40% lower than monitoring station annual means. Mean NO2 
personal exposures in a typical winter schooling day were about 20% higher than exposures in a typical weekend 
winter day and about 30% higher than in a typical summer day. Similar results were found for PM10 with 
percentage equal to 40% and 50%, respectively. 
 
Figure 1. Probability density plot of personal exposure to NO2 (a) and PM10 (b) 
 
(a)       (b) 

 
The figure 2 shows the benzene concentration decrease obtained reducing the traffic flows of the 10% and 11% respectively out 
and in the centre where there are the ZTL (Limited Traffic Zone) streets. Results show that the efficacy is lower in the area 
inside the historical centre because of the street canyon effect.  
In fact the San Felice 40 monitoring station in the centre area shows an decrease of 6.7% across about 8% of the stations (San 
Felice and Sabotino) out of the centre. 
 
Figure 2. Benzene decrease for the reduction of traffic flows 
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4 Conclusions 
Results show that the urban model, combined with the regional chemical transport model, performs quite well to 
assess long term averages of PM10 and NO2; on the other hand peak pollutions are poorly reproduced. Probably 
the chemical reactions scheme is not enough detailed to describe all the photochemical and thermodynamic 
processes that occurs in the critical episodes. However, the model provides more information than one coming 
from monitoring station because it gives concentration data all over the domain. In fact, the results of the 
simulations tell us that high values of NO2 and PM10 can be found in many points of the analysed area. The 
simulation shows some hot spots near the edge of the domain; therefore future analysis could be extended in a 
wider zone. Results obtained for the scenario 2010 show criticalities again relatively high of PM10 and NO2. 
For the pollutants with local scale behaviour, like the benzene, it is more important the morphology of the streets. 
The results of exposure simulations of children attending two primary schools located in a district of Bologna 
showed annual personal exposure levels lower than corresponding monitoring station averages. This is in 
agreement with other studies on children exposure. Higher exposures were generally found in literature for 
workers. Long stay of adults in traffic is probably the main reason of this difference. The exposure levels variability 
among the children sample was quite high. Some children were exposed more than twice the levels of the less 
exposed children.  
Use of this modelling integrated system in the analysis of present and future scenarios can be a valuable support 
for the local administrations in applying EU directives on air quality and to calculate the population exposure.  
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Abstract 
Particulate matter (PM10) concentration at ground level is strongly affected by meteorological conditions. This 
study presents a multiple regression approach to daily average PM10 concentration using log-normal variables 
transformation in order to better understand which factors are more appropriate for PM10 forecasting. The 
meteorological factors used in this linear regression are daily mean variables of wind velocity, rain accumulation, 
mixing height, thermal inversion index. The estimation of the multiple regression coefficients were done on the 
basis of a data set monitored in the urban area of Padua, Italy during the period October 2001 – September 2004. 
Determination coefficient R2 , used to test the fitness of the regression, was 0.75 when evaluated on the same 
dataset and 0.72 when evaluated on the winter period October 2004 – September 2005. A forecast test using two 
day before PM10 concentration, two day before meteorology and one day before meteorology is done, to test the 
forecast reliability of the regression approach. In this case the determination coefficient was on the analysis 
dataset and in the verification period. 
 
Key words: PM10, meteorology, multiple regression, forecast 
 
1. INTRODUCTION  
High concentrations of particulate matter PM10 in urban areas have a serious impact on human health. Good 
understanding and reliable forecasting of PM10 concentrations allow well-timed population information about 
urban air quality and effective policy decision making such as local traffic management (circulation restrictions) 
and/or large scale regional reduction programmes. The city of Padua is located in a lowland (Pianura Padana) 
where is likely to occur more than 150 excedences per year of the threshold of 50 µg/m3 and more than 15 
exceedences per year of 100 µg/m3 PM10 daily concentrations. 
On the other hand deterministic dispersion models are not yet fully capable to couple with the order of magnitude 
of such strong and short peak events of pollution neither in forecasting nor in analysis.  
The idea here is to prove that such high peak events can be explained with the peculiar state of the planetary 
boundary layer (PBL) in a lowland where effects of stagnation are highly enhanced especially during winter 
season. Once we understand which PBL parameters are the most important in controlling PM10 concentrations at 
ground level we can also try to apply this statistical approach to routinely daily forecasting. 
 
2. DESCRIPTION OF THE DATA SET   
The period selected for analysis is from October 2001 to September 2004. PM10 concentrations considered in the 
regression analysis was the average of daily concentrations measured at two monitoring stations placed in the 
urban area of Padua: Arcella (traffic hot spot) and Mandria (urban background). 
The meteorological data, averaged daily, were measured at the closest CMT (Meteorological Center of Teolo) 
station of Legnaro which is about 10 km SE of the city Center of Padua. 
The valid data of this period are 981 out of 1096 day considered (89.5%). When we considered the day-2 
regression the valid data decreased to 956 (87.2%). 
 
Since October 2003 Meteorological Center of Teolo gives a daily forecast bulletin for PM10, based on subjective 
evaluation of the weather forecast. By using this experience in PM10 forecasting and after a quick preliminary 
correlation coefficient analysis some PBL variables have been selected: wind velocity, rain accumulation, mixing 
height, thermal inversion index . 
 
The mixing height (Hmix) is the top of the PBL for which the most accepted definition is by Stull (1998): “the part 
of troposphere that is directly influenced by the presence of the earth’s surface, and respond to surface forcings 
with a timescale of about one hour or less”.  Mixing height  is calculated with the method of the energy balance 
proposed by various authors (see bibliography in Scire, 2000), also used in US-EPA meteorological 
preprocessors for dispersion modeling like METRO, AIRMET, CALMET.  During very stable condition this 
algorithm accept a user defined minimum value without discrimination between different stability strength. 
 
For this reason a thermal inversion index (Stanford) was also calculated, which is supposed to be proportional to 
the inversion capping effects as defined by the following formula: 

( )
( ) zz

I
∆⋅++

∆=
13

2θ  

where ∆θ is the potential temperature difference between top and bottom of the inversion (K), z is the height of the 
inversion bottom (hm) and ∆z is the depth of the inversion (hm). The vertical profile of potential temperature was 
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calculated with the interpolation of TEMP data measured in Udine (16044), Milano Linate (16080) and S. Pietro 
Capofiume (16144) plus surface temperature data from meteorological station placed in Legnaro (Padua). 
 

 
Figure 1: scatter plot of PM10 (µµµµg/m3, y axis) vs mixing height, wind velocity, stanford stability index and total 

precipitation, all daily averaged 

Figure 1 illustrates how above mentioned variables correlate to PM10 concentration. It is important to notice that 
only Stanford index is positively correlated. The determination coefficient R2 for PM10 autocorrelation is high: 0.63 
day-1, 0.35 day-2, 0.20 day-3 and 0.13 day-4.  
 
3. MULTIPLE LOG-NORMAL LINEAR REGRESSION MODEL 
In general terms, multiple regression procedures will estimate a linear equation of the form: 
 

Y= a+b1*X1 + b2*X2 +...+ bp*Xp 

 
Note that in this equation, the regression coefficients (or b coefficients) represent the contributions of each 
independent variable to the prediction of the dependent variable. Another way to express this fact is to say that, 
for example, variable X1 is correlated with the Y variable, after controlling for all other independent variables. 
The degree to which two or more predictors (independent or X variables) are related to the dependent (Y) variable 
is expressed in the correlation coefficient R, which is the square root of R-square. In multiple regression, R can 
assume values between 0 and 1. To interpret the direction of the relationship between variables, one looks at the 
signs (plus or minus) of the regression or B coefficients. If a B coefficient is positive, then the relationship of this 
variable with the dependent variable is positive; if the B coefficient is negative then the relationship is negative. Of 
course, if the B coefficient is equal to 0 then there is no relationship between the variables. In this application the 
independence of the variables is reasonable but probably not completely true. 
In the linear regression here applied the assumption of constant emissions is made.  
The weights and the statistics for a linear regression are reported in the following Table, it can be seen that in this 
case the intercept a is not null.  
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0.75 29.57 16.95 43.25 -8.73 -0.02 1.68 -0.41 0.63 

Table 1: statistical scores and coefficients for regression with original data variables 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

129



3.2. Log-normal regression 
Another assumption is that variables have a log-normal distribution which is a rigorous hypothesis for PM10 
concentrations (Cacciamani, 2001) as confirmed by the Kolmogorov-Smirnov test for normality (d=0.03192, 
p>0.20) shown in Figure 2, but result just as a good approximation hypothesis for meteorological variables such 
as, mixing height and Stanford index. 
 

 
Figure 2: hystogram of the K-S test for log-normal PM10 concentration distribution 

 
Normalized data for mean and standard deviation of all variables are considered in the regression model. Result 
showed that regression coefficients (“weights”) are directly proportional to the importance of associated physical 
process of PM10 dispersion in the low atmosphere. 

The following table shows the average and standard deviation of logarithm of variables used for normalization of 
input data in the regression model. 
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average 0.43 5.95 0.04 -1.36 3.93 

standard 
deviation 0.46 0.75 1.56 1.76 0.55 

Table 2: descriptive statistics of logaritms of data, used for renormalization 

The linear regression was calculated with the MATLAB function “regress” (see bibliography in MATLAB Manual) 
and best results are showed in Table 3. A “step in step out” test with Stanford index was done showing how 
excluding this variable the fitting of the regression resulted just a little worst (by a factor of 10-2). Anyhow we 
believed that this variables should be important in caching PM10 peaks and therefore we decided to take it into the 
regression just for day-0. 
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0.75 0.87 0.50 -0.23 -0.19 0.08 -0.18 0.55         

0.68 0.83 0.56 -0.23 -0.28 0.07 -0.15   -0.10 -0.02 -0.20 0.30 

Table 3: statistical scores and coefficients for the multilinear regression with log-normal variables 

The most important meteorological parameter at day-0 result to be the mixing height, which at day-1 is much less 
important than total precipitation and wind velocity. On the contrary  total precipitation is even more important at 
day-1, when it becomes the most important meteorological parameter.  
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From a statistical point of view the determination coefficient R2 using just PM10 day-2 is comparable with the 
autocorrelation of PM10 day-1 (R2=0.63), which could mean that, in the short-time, meteorology completely 
explains PM10 concentrations and therefore the initial assumption of constant emissions is a good approximation. 
 
3.2. Verification 
 
Using the parameters (average, standard deviation and regression coefficients) obtained for October 2001 – 
September 2004 (Table 2 and Table 3) in multiple regression on verification period (October 2004 – September 
2005) R2 is good. 
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0.72 0.89 0.65 -0.23 -0.19 0.08 -0.18 0.55         

0.65 0.77 0.74 -0.23 -0.28 0.07 -0.15   -0.10 -0.02 -0.20 0.30 

Table 4:  statistical scores and coefficients for the multilinear regression with log-normal variables for 
independent set. 

 

 

Figure 3: a month of verification period: PM10 original and built with the regressions are shown. 

4. CONCLUSION 
The fact that the results of the log-normal regression, presented in Table 3, are not worst than the direct 
regression, presented in Table 1, gives us some confidence on the approach used. 
The results in the Table 3 gives some hints on the key meteorological phenomena controlling the short-time trend 
of PM10 concentrations on a flat plain such as Pianura Padana, which appeared to be much more important than 
the emissions and therefore can be successfully used for the short time forecast. 
In particular we focused the importance on Hmix for the same day and on wind and precipitations also on the 
days before. The performance of the model on the verification set gives some good information on the reliability of 
this approach to the short-time PM10 forecasting. 
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Abstract 
 
Modeling of dispersion of reacting pollutants in the atmosphere, in particular on short time scales typical for urban 
conditions, requires a proper description of both the chemistry involved and the transport of pollutants. We have 
studied the applicability of highly reduced chemical schemes for urban dispersion problems based on the 
Computational Singular Perturbation (CSP) technique. We have also studied the effect of small-scale segregation 
on the prediction of emissions close to the polluting source based on the Conditional Moment Closure (CMC) 
procedure. We found that the reduced mechanisms generated from the CSP method reproduced very well the 
evolution of important key species for pollution prediction, both for a fully mixed flow field, and for conditions 
where micro-mixing affects the chemistry, typically close to the polluting source.  
 
Key words: reduced chemistry, small-scale segregation, CSP, CMC. 
 
1. INTRODUCTION  
 
In order capture accurately the dispersion of harmful emissions and trace pollutants, the description of 
atmospheric chemistry is continually expanding resulting in huge chemical mechanisms, with thousands of 
reactions and hundreds or even thousands of species (Dodge, 2000, Jenkin et al., 1999). If these extensive 
mechanisms are to be used in complex flow models, then a prohibitively large number of equations need to be 
solved for each time step. However, the demand is growing for more detailed descriptions of the chemistry and 
hence the need for developing reduced chemical mechanisms to manageable sizes without loss of important 
information. The accuracy of the predicted concentration of pollutants is particularly important in the study of 
urban environments and close to the polluting source where many intermediate emissions will be present at a 
significant level - mainly because that is where humans are exposed to high pollutant levels. 

The reduced chemical schemes should be able to reproduce as close as possible the trends predicted 
by detailed mechanisms describing the atmospheric chemistry. However, the detailed chemistries are becoming 
increasingly complex; hence there is a need for an automated procedure that can efficiently and reliably reduce 
the mechanism in hand with as little interference as possible by the user. Over the last few years, several 
reduction techniques have been employed to atmospheric chemistries and presented in the literature (Atkinson et 
al., 1982; McRae et al., 1982; Aumont et al., 1996; Heard et al., 1998; Crassier et al., 2000; Fish, 2000; Lowe and 
Tomlin, 2000; Sportisse and Djouad, 2000; Neophytou et al., 2004). We have employed the Computation Singular 
Perturbation (CSP) method known from combustion science (Lam and Goussis, 1988; Lam, 1993). CSP identifies 
the steady state species applicable for removal, by resolving the “fast” and the “slow” chemistry components. The 
algebraic steady state relations replace the much more computationally expensive differential equations 
describing the dynamic evolution of the chemical system, speeding up the overall computational time. 

For typical conditions close to the polluting source, such as a power plant or even aero engine exhaust 
just after exit, including micro-mixing effects have been shown to be important in order to correctly predict 
emissions that are influenced by the fast chemistry (i.e. radicals such as HO2 and NO). The non-homogeneities 
can be described using the Conditional Moment Closure (CMC) procedure, also known from combustion. The 
CMC method accounts for micro-mixing explicitly by employing a conserved scalar approach, which is described 
in more detail in Chapter 2. Macro-mixing is accounted for by solving the transport equation for the conserved 
scalar.  

We have carried out a series of investigations of the performance of reduced mechanisms under varying 
conditions. Two different chemical schemes have been employed. One is the Regional Atmospheric Chemistry 
Mechanism (RACM) (Stockwell et al., 1997), which includes 77 species and 237 reactions, a detailed mechanism 
for gas-phase atmospheric dispersion modeling valid for rural and urban conditions. The second mechanism is 
developed by Kärcher et al. (1996), a gas-phase chemical scheme particularly adapted for the hotter environment 
characteristic for a jet plume at exit conditions. This mechanism consists of 31 species, including intermediate 
species typical for jet emission, interacting in 65 reactions. 

The RACM mechanism was employed for a study of the evolution of a polluted urban environment using 
a homogenous box-model, and also for a mixing-field close to a polluting source mixing with clean air. When 
studying small scale effects for conditions typical for aero engine exhaust just after exit, the mechanism by 
Kärcher et al. (1996) was employed. For these cases reduced mechanisms are developed and tested for their 
applicability. 
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2. THE REDUCTION OF CHEMICAL MECHANISMS   
 
The technique which is used for this work is known from combustion science and has been validated for a variety 
of problems. Recently, CSP has also been successfully applied to atmospheric chemistry by Trevino et al. (1999) 
and Neophytou et al. (2004), where the CBM-IV mechanism of 28 species and 74 reactions was reduced down to 
13 major species, i.e. 15 species put in steady state, and was applied to both urban and rural pollution conditions. 
We have performed a similar analysis using the RACM mechanism studying both rural and urban conditions, 
including the effects of ground emission added at a constant rate during simulation (Løvås et al, 2006).  

The evolution of the chemical scheme is described by a set of differential equations governing the 
dynamic behavior of the system through production and consumption of species according to their balance 
equations. The CSP method determines the eigenvalues of the Jacobian of the source term and then identifies 
the species that are mostly related to these eigenvalues. This is achieved by the "CSP Pointer", ordering the 
species mostly influenced by the shortest time scales. This CSP pointer is a local value and an overall 
identification of the species is obtained through integration across the domain of interest (in time or space). The 
user will define the number desired global steps in the reduced mechanism, noted with an S. This determines 
directly the number of steady state species by examining the CSP pointer for each species. The number of steady 
state species, say M, is given by M = N – E – S where N is the total number of species in the full mechanism and 
E is the number of elements in the mechanism; in the case of RACM, N=77 and E=5 (C, O, H, S and N). For 
example, for a choice of a 16 step reduced mechanism, the number of selected steady state species M = 77 – 5 – 
16 = 56.   The source terms for the steady state species are then removed from the detailed chemical mechanism 
and solved by means of simpler algebraic equations speeding up the overall simulation time. The procedure has 
been discussed at length in Massias et al. (1999) and for atmospheric chemistries by Løvås et al. (2006), and for 
further details we will refer to these publications.  
      
3. OUTLINE OF THE PHYSICAL SYSTEM 
 
3.1. The Box-model 
 
The box-model which we have employed in the present work is a zero-dimensional code describing the evolution 
of the chemical system where the species concentrations are assumed to be uniform in space. Advanced grid 
models for atmospheric dispersion problems often use an operator splitting technique, where chemical and 
physical processes are treated separately for each time step. Hence each grid point is considered to be an 
independent “box” at a given time step. For the purpose of studying the applicability of reduced mechanisms and 
their suitability to predict the time evolution of the chemical species, at first instance a simple box-model is the 
natural choice as it does not contain the influence of diffusion and convection terms. Initial concentration levels 
determine the conditions of choice, whether it is an urban or a rural climate which is under investigation.  
 
3.2. The Conditional Moment Closure 
 
The assumption of no segregation as in the box-model may be a good assumption when the chemistry is slow 
compared to mixing times, for example if one looks at long-term evolutions of some species at the regional or 
continental scale. However, problems such as the dispersion of pollutants in an urban street canyon, or even on 
smaller scales close to the exit of the exhaust, do not fall into this regime and to neglect the turbulent fluctuations 
is incorrect. The initial conversion of the emitted pollutants (e.g. NO to NO2 and the reactions between VOC 
radicals and NOx), the agglomeration of smoke particles in a street canyon, and the nucleation of aerosols in an 
exhaust of an aircraft jet engine may all be sensitive to concentration fluctuations. A model for turbulent reacting 
flows, the Conditional Moment Closure (CMC), is employed here to account for these fluctuations. This method is 
a conserved-scalar approach and its essence is the following. Instead of solving transport equations for the time-
averaged species concentrations as in current grid and Gaussian-plume models, it is found to be computationally 
advantageous to solve transport equations only for the conserved scalar (including advection and macro-mixing), 
and then to solve new, modelled equations that show how the reacting scalars (i.e. the reactive pollutants) are 
related to the conserved scalar. These equations include micro-mixing explicitly. In this method the chemistry has 
to be presented in mixture-fraction space (the conserved scalar). The mixture fraction ranges from 0 to 1, where 0 
is defined to be un-polluted conditions (or only air) and 1 is defined as polluted conditions (or only source fluid). 
For more details and a review of this model and other methods for including segregation in atmospheric reacting 
flows, see Mastorakos (2003) and Garmory et al. (2006).  
 
4. RESULTS 
 
We have employed the mechanisms described above for a series of different conditions, both homogenous and 
including segregation, and performed the reduction by the use of the CSP methodology. We present here the 
results employing the reduced mechanisms to test their applicability to reproduce the important trends. By 
constructing reduced mechanisms based on solutions with micro-mixing included, we also examine the 
emergence of steady-state conditions in the presence of molecular diffusion. 
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 The results from a 24 hour simulation, starting at noon, using the box-model to a set of polluted urban 
conditions were described in detail in Løvås et al. (2006). The detailed mechanism was the RACM with a full set 
of 77 species, and was successfully reduced down to an 18 step mechanism with 23 species. A very good 
agreement between the detailed and reduced mechanisms with increasing degree of reduction was reported for 
important species like O3. The profile for other species like NO revealed some deviations between the detailed 
prediction and that of the reduced mechanisms. NO was set to steady state in the 18 step mechanism. Hence 
more deviation is expected as in this case the evolution is only governed by the simpler algebraic equation. Figure 
1 shows the result from a case resembling that of a polluting plume using the CMC model, where 0-mixture 
fraction is defined as clean air, and mixture fraction 1 is that of the polluted exhaust. The time scales at which 
segregation is thought to be important are those of the initial conversion of the emitted pollutants, and we study 
the evolution of the chemical system the first 5 minutes after plume exit. We found that there are significant 
variations across the “mixing-space” for many important pollutants, and ignoring these variations would result in a 
significant under prediction of some species’ concentration levels. Furthermore, the reduced chemical scheme 
captures this variation very well; even when it is reduced down to only contain a fraction of the original number of 
reactive species. The results presented in Figure 1 are obtained using the RACM. However, a similar result was 
found when performing the same study using the mechanism from Kärcher et al. (1996) for a typical aero engine 
exhaust plume case. 

 
5. CONCLUSION 
 
We have shown that strongly reduced mechanisms, generated from a time scale analysis, are able to reproduce 
very well the important trends of the chemical evolution in urban environments. The CSP methodology represents 
also a powerful tool to study the atmospheric mechanism in detail during changing conditions, determine which 
parts of the mechanism is under influence of the longer time scales and what these time scales are. The 
integrated pointer identifies the important species that should not be excluded from the models in order to obtain 
reliable results. When the emphasis is on the small scale characteristics of the turbulent reacting flow field, such 
as when studying the initial conversion of the emitted pollutants, the agglomeration of smoke particles in a street 
canyon, and the nucleation of aerosols in an exhaust of an aircraft jet engine, the CMC method demonstrates a 
computationally efficient manner to account for the affects of segregation on the chemistry in atmospheric 
dispersion modeling. In these situations the chemical times scales are not necessarily small compared to the 
turbulent times scales and to neglect the turbulent fluctuations may cause significant errors. However, the 
reduced mechanism obtained for a mixing field is found to reproduce the chemical evolution very well, even on 
the shortest time scales. This will in turn result in significant computational savings when implemented into a full 
computational fluid dynamics code.  

Figure 1:  Left: the time evolutions of two important pollutants, O3 and N2O5, as function of 
conserved mixing scalar; 0 is clean air, and 1 is the pollutant source. Right: the same results 
as left figure, at 2 minutes and 20 seconds after exit, resulting from employing reduced 
chemistry compared to that of using the full chemistry. 
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TEMPORAL AND SPATIAL INFLUENCING OF URBAN  
ATMOSPHERIC CARBON DIOXIDE CONCENTRATION 
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University of Koblenz-Landau, Campus Koblenz, Germany 

 
 
Abstract 
In the city of Essen, Germany (51°28`N, 7°E), 50 mobi le measurements of urban CO2 were taken between 
December 2002 and July 2005. The aim of this investigation was to determine the allocation of CO2 concentration 
within the urban canopy layer regarding different conditions influencing the temporal resp. the spatial behavior of 
the urban CO2 mixing ratio. 
 
Key words: urban carbon dioxide, mobile measurements, urban CO2 dome 
 
 
1. INTRODUCTION 
 
The atmospheric CO2 is often discussed in the context of global anthropogenic climatic changes and it is nearly 
exclusively emitted by urban conurbations, which occupy only a small part of the worlds surface. Less is known 
about the behavior of the CO2 within the urban environment, particularly in dependence with the different types of 
urban land utilization. Because of that a spatial differentiation of the CO2 near the surface should be presented, 
which was taken by mobile measurements. 
 
2. PURPOSES 
 
The dependence of urban atmospheric CO2 within the urban canopy layer on variable and invariable influencing 
factors has been analyzed in the city of Essen, Germany (North-Rhine Westphalia; 51°28`N, 7°E; 586,000 
inhabitants; A = 210 km2). The results are based on a one-year measuring period (December 2002 – November 
2003) with additional investigations in 2004 and 2005. CO2 was being determined by 50 measuring trips. This 
highly frequented spatial and temporal investigation facilitated to detect the allocation of urban CO2 concentration 
within the urban canopy layer. It should be proven how the urban CO2 near the surface is being influenced by 
spatial variations of i.e. different types of land utilization, climatopes, structure of housing, traffic density, the 
surface configuration, and also in the course of the seasonal change of meteorological conditions (Henninger, 
2005). 
 
3. MEASURING METHODOLOGY 
 
The measurement trips were made using the mobile laboratory of the Dept. of Applied Climatology and 
Landscape Ecology, University of Duisburg-Essen, Campus Essen, Germany. In addition to CO2, the air quality 
indicators CO, O3, NO and NO2 were measured 1.5 m a.g.l. at the same time and height. The meteorological 
values air temperature, relative humidity (2 m a.g.l.) and global radiation (3.5 m a.g.l.) were also recorded. The 
analysis of CO2 and other air quality indicators with the same assumptions (time and height) enabled a 
reconstruction of the quantitative influence on CO2 by anthropogenic sources.  
 
The mobile laboratory traveled by a maximum speed of 30 km h-1 (8 m s-1) and with a measuring frequency of the 
analyzers of 1 Hz. So every 8 meters one measured value was recorded. The route of the taken measurements 
started in the southern part of the city and ended after 63 kilometers in the north of Essen, considering all kinds of 
its land utilization being part of the urban area. 
 
In view of the rapid fluctuations of trace element concentration (e.g. caused by the change of land utilization, the 
structure of housing, the traffic density or different climatopes along the transect) arithmetic average values of 
homogeneous road sections were calculated. Every road section is characterized by a homogeneous type of land 
utilization with an average length of 1000 meters (Henninger and Kuttler, 2004). 
 
It was necessary to keep a “safety distance” to have low influences by the exhaust plume of automobiles in front 
of the mobile laboratory (Clifford et al, 1997). Affected data were filtered out, which occurred by traffic jam 
because of road works, junctions and traffic lights. Indeed this filtering of the data did hardly change the 
determined concentration with or without traffic hold-ups (α > 0.1; R2 = 0.96; Henninger 2005). 
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4. RESULTS 
 
4.1. Reproducibility of data 
 
Due to recurring CO2 patterns along the transect a reproducibility in dependence of the measuring times, affirmed 
by different statistical methods (cluster analysis, correlation analysis by Pearson resp. product-moment-
correlation by Pearson and Bravais, test of significance), and a representativeness of the data could be shown 
satisfactorily. The cluster analysis gave information about similarities of the behavior of CO2 concentration along 
the transect between the accomplished measuring trips. Exemplarily, fig. 1 offers five separate clusters altogether 
identical with the five different times of measuring. 

 

 
 
 
 
Fig.1 
Cluster diagram of all mobile CO2 measuring trips in Essen, 
North-Rhine Westphalia, Germany (spring 2003) 
 
 
 
 
 
 
 
 
 
 
 

A comparison of the measuring trips, which were connected in one cluster, presents a uniform allocation of CO2 
along the transect (fig. 2a). A test of significance (t-test) presented a validation. Measurements taken at the same 
time of the day and different dates display no significant differences (α > 0.5, r2 = 0.83; fig. 2a), whereas trips of 
diverse times show a significance (α < 0.05) respectively a high significance (α < 0.01; r2 = 0.19; fig. 2b).  
 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2 

a) Example for similar CO2 courses for the same measuring time (1 p.m.- 4 p.m.) and two different days, which were connected 
in one cluster (s. fig. 1; spring 2003) 

b) Example for two different CO2 courses with two different measuring times (4 a.m.- 7 a.m. and 10 a.m.- 1 p.m.), which were 
not connected in one cluster (s. fig. 1; spring 2003) 

 
These results could be proven for all measuring trips of the measuring period 2002/2003, but also for the 
additional ones in 2004/2005, which demonstrates that there is, dependent on the time of the day, a recurrent 
CO2 pattern along the transect. That is why a reproducibility of the behavior of CO2 concentration is necessarily 
given and enables an allocation of the different classified variable and invariable influencing factors along the 
transect. 
 
4.2.Seasonal differences 
 
Significant seasonal differences (α < 0.05) could be conceived as a result of temporal variations of anthropogenic 
CO2 emissions (e.g. additional domestic fuel in winter), the seasonal uptake of the biosphere’s activity (mainly in 
spring and summer) and the differentiation of the influence of the atmospheric conditions (mainly in autumn; fig. 
3).  
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Fig. 3 
CO2 courses through the city of Essen, North-Rhine Westphalia, 
Germany, for all measuring trips of the measuring period 
2002/2003, divided into the different seasons 
 
 
 
 
 
 
 

 
4.3. Different types of land utilization 
 
Analyzing the CO2 concentration in dependence of the different types of urban land utilization the “cold” seasons 
(winter and autumn) offered higher average CO2 values in comparison to spring and summer; exemplarily shown 
for winter and summer (fig. 4a). However, a differentiation into day- and nighttime average CO2 values indicates a 
higher CO2 mixing ratio during summer nights (fig. 4b). So urban types of land utilization do not offer necessarily 
higher CO2 concentration than suburban or rural ones. The comparison of the CO2 average values of the different 
types of land utilization offers once again (fig. 2 and 3) a high spatial variability of the urban CO2 within the urban 
canopy layer. Independent from the atmospheric conditions it could be proven that urban green spaces indicated 
slightly higher concentration (fig. 4b; Kuttler and Henninger, 2004).  
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Fig. 4 
a) CO2 averages in dependence of the respective type of land utilization along the measuring route in the city of Essen, North-

Rhine Westphalia, Germany (winter 2002/2003 and summer 2003) 
b) Difference of ∆CO2 summer – winter (in ppm) between the respective types of land utilization along the measuring route in the city 

of Essen, North-Rhine Westphalia, Germany, in dependence of the time of the day (winter 2002/2003 and summer 2003) 
 
If there is a heterogeneous structure of different types of land utilization (e.g. Essen, Germany), it is hardly 
impossible to identify a so-called urban CO2 dome (e.g. Idso et al., 2001). There were rather lots of CO2 peaks, 
which were also removed by several CO2 sinks (fig. 2 and 3). Furthermore, the measuring period of one year 
offered instead of a CO2 dome a CO2 bowl (intimated by the dashed line, fig. 5) due to the interaction of changing 
types of land utilization and the atmospheric conditions (Henninger, 2005). 
 

 
 
 
Fig. 5 
CO2 courses through the city of Essen, North-Rhine Westphalia, 
Germany, for all measuring trips during the measuring period 
2002/2003 divided into day- and nighttime measuring trips, 
offering a typical “Essen CO2 bowl” (intimated by dashed line) 
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4.4. AFFECTING THE CO2 NEAR THE SURFACE 
 
In 2004 the city of Essen, Germany, emitted 5.8 million metric tons of anthropogenic CO2 (power stations 38 %, 
private households 24 %, industry 21 %, traffic 17 %). Due to the different heights the effective CO2 sources (e.g. 
the stack heights of power stations and the industry in relation to vehicles) the emissions near the ground were 
not necessarily the same. So low heights of emission sources dominated the CO2 situation within the UCL. With 
the aid of partial and multiple correlation analysis it could be stated that approximately more than 70 % of the near 
surface carbon dioxide (1.50 m a. g. l.) is mostly affected by traffic density in relation to stable atmospheric 
conditions (wind speed ≤ 1,5 m s-1). Other influencing factors, which could affect the urban CO2, such as air 
temperature (9 %), relative humidity (6 %), urban vegetation (5 %) or the surface configuration (4 %) have only 
slightly additional diurnal and seasonal impacts.  
 
5. CONCLUSION 
 
By the means of this investigation the importance of highly frequented temporal and spatial mobile measurements 
considering the determination of urban CO2 within the urban canopy layer could be accurately verified. It was also 
obviously advisable to have a measuring period of at least one year and an exact consideration of the specifiable 
types of land utilization because otherwise seasonal and spatial variations of the urban CO2 mixing ratio could not 
be reproduced satisfactorily. Only a close reflection of the seasonal dependent meteorological conditions enabled 
an all-embracing analysis of the CO2 situation within the urban canopy layer. 
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Abstract 

The fifth-generation PSU/NCAR mesoscale meteorological model MM5 was applied to the arid Phoenix 
(Arizona, USA) metropolitan area in order to investigate if the urban environment influences the dynamics and 
thermodynamics of the atmosphere over the region. In particular it was investigated if the urban area interacts 
with the rural environment through mesoscale circulations due to horizontal gradients in surface sensible heat 
fluxes and if the increase in surface roughness affects the thermal flows due to complex terrain that determine the 
local winds during most parts of the year. The simulation results show that relatively strong circulations develop 
between irrigated agricultural and desert/urban areas (vertical velocities w ~ 0.1 m s-1). However, residential 
irrigation in the urban area is not large enough to induce significant land breezes between the urban area (w ~ 
0.03 m s-1) and the desert. Changes in roughness slowed the horizontal wind speed near the surface by about 2 
m s-1 in the urban region. 
 
Key words: mesoscale, urban, circulations 
 
 
1. INTRODUCTION  
 

The desert southwest, including the Phoenix metropolitan region, is characterized predominantly by high 
pressure systems with little influence due to synoptic scale forcing. Therefore, thermal flows due to horizontal 
pressure gradients caused by complex terrain as well as potential mesoscale circulations due to land use/cover 
variation dominate the climatology and determine the local winds during most parts of the year. Phoenix is the 
second fastest growing major city in the USA and is shifting dramatically from a mid-sized regional center to one 
of the nation’s largest metropolitan areas. Average annual population growth in the past 10 years amounted to 4.1 
% which represents a change in population from about 2.5 to 3.5 million people in the greater Phoenix region. The 
current size of the built-up urban area is about 3500 km2, which is large enough to influence mesoscale 
atmospheric processes. Conservative land use projections expect more then a doubling of the population and 
urbanized area within the next 30 years (Greater Phoenix 2100, 2003).  

The presence of a major urban area changes physical properties of the earth surface markedly and has 
a potential effect on weather and climate of a region (e.g. Cotton and Pielke 1995). Mesoscale modeling studies 
have shown that low-level winds, so called land breezes, can be generated due to discontinuities in surface 
properties caused by land use changes (Segal and Arritt 1992, Avissar 1996). When an irrigated urban area with 
significant cover of transpiring vegetation is juxtaposed to dry land as occurring in an arid environment, the urban 
area acts as an oasis during the day, rather than a daytime urban heat island. The differences in PBL heights 
over the city and the surrounding desert land may result in well defined mesoscale circulations, so called land 
breezes. Furthermore the change in roughness between the urban area and the relatively smooth desert surface 
potentially affects the dynamics of the atmosphere over the region and thereby the thermal flows due to complex 
terrain that determine the local winds during most parts of the year. Hahmann et al. (2006) showed in a modeling 
study over Athens (Greece) that the aerodynamic dominated the thermodynamic effects of the city with the former 
enhancing the sea-breeze circulation. 

In this study it was investigated if the urban environment influences the dynamics and thermodynamics 
of the atmosphere over the Phoenix metropolitan area. In particular it was investigated if the urban area interacts 
with the rural environment through mesoscale circulations due to horizontal gradients in surface sensible heat 
fluxes and if the increase in surface roughness affects the thermal flows due to complex terrain that determine the 
local winds during most parts of the year. In the Phoenix region, large spatial variations of transpiring vegetation 
occur due to the presence of urban, predominantly flood-irrigated agricultural and desert land. During early 
summer, differences in sensible heat fluxes of several hundreds of W m-2 develop between those land use/cover 
types (Grossman-Clarke et al. 2005). Brazel et al. (2005) suggest that the magnitude of surface winds induced by 
variability in urban land use and differences between urban and rural land use/cover in the Phoenix region are 
comparable with the katabatic winds in the area. However, to date no systematic analysis of the influence of land 
use variation on the scale of tens of kilometers on mesoscale circulation was carried out for the Phoenix 
metropolitan region, nor was the interaction of physiographically and topographically forced circulations 
investigated. 

 
 

 
 
 
2. MATERIALS AND METHODS 
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2.1. Site description 
 

Phoenix is located in the center of the Salt River Valley, which is a broad, oval-shaped, nearly flat plain 
at a mean elevation of about 335 m above sea level. The climate is arid subtropical with high summer and mild 
winter daytime temperatures. The Phoenix metropolitan area consists of an urban/suburban core, surrounded by 
irrigated agricultural land that in turn is embedded in a dry, sparsely vegetated natural desert to the east, south 
and west and elevated terrain to the east and north. Urbanization leads to an ongoing conversion of agricultural 
and desert to urban land use. Development across the Phoenix area is largely suburban in nature, with a down 
town area of very limited spatial extent. Urban land use is mainly distinguished by the type of vegetation and 
irrigation (no vegetation, well-watered flood or overhead irrigated and drought-adapted vegetation with drip 
irrigation, respectively).  
 
2.2. Design of numerical simulations 
 The fifth-generation Pennsylvania State University and National Center for Atmospheric Research 
(PSU/NCAR) Mesoscale Meteorological Model (MM5) version 3.7 for a simulation period that coincides with the 
period of a field experiment from 1 May 1998 to 12 June1998. The simulations were carried out in 72-hour 
increments allowing 12 overlapping hours for model spin up. Nested simulations with four domains and 
resolutions of 54 km (size east-west 3294 km; north-south 2700 km), 18 km (size east-west 1350 km; north-south 
1080 km), 6 km (size east-west 594 km; north-south 414 km) and 2 km (size east-west 212 km; north-south 132 
km), respectively and 51 vertical layers were performed with MM5. The lowest prognostic level was approximately 
7 m above ground level. The innermost domain included the Phoenix metropolitan area, surrounding desert and 
agricultural land. Initial and boundary conditions were provided by the NCEP ETA grid 212 (40 km resolution) 
analysis and if not available, as was the case for three days in June 1998, by the NCEP/NCAR Reanalysis 
including assimilation of upper air observations. The nearest routine radiosonde measurements are taken by the 
National Weather Service (NWS) at Flagstaff (Arizona, USA) and Tucson (Arizona, USA) and are not necessarily 
representative of the local boundary layer features in the Phoenix metropolitan area. 

A land cover classification was developed using land cover data derived from 1998 Landsat Thematic 
Mapper satellite images (Stefanov et al. 2001) to give three urban categories: urban built-up, urban mesic 
residential and urban xeric residential, which were distinguished by the type of vegetation and irrigation (no 
vegetation, well-watered flood or overhead irrigated, and drought-adapted vegetation with drip irrigation, 
respectively). Figure 1 shows land use and terrain in the Phoenix metropolitan region for the inner 2 km x 2 km 
resolution modeling domain as processesed by MM5’s preprocessor terrain. MM5 was furthermore enhanced by 
bulk approaches for characteristics of the urban energy budget which contribute to increased nighttime 
temperatures (Grossman-Clarke et al. 2005), i.e. anthropogenic heat production, sky view factor in the long wave 
radiation balance, increased surface volumetric heat storage capacity and thermal conductivity. Meanwhile the 
urban-induced modifications on the momentum exchange between the atmosphere and the surface were included 
through adjustments in the aerodynamic roughness length. 

Planetary boundary layer processes were included via the modified version of the non-local closure 
Medium Range Forecast scheme by Liu et al. (2004) with the five layer soil model (Dudhia 1996). In this scheme 
the PBL height is determined by using a local bulk Richardson number, Ribl (-), which is computed for each model 
layer based on wind shear and thermal stability between two neighboring model levels. Instability-searching from 
the bottom-up is applied by comparing Ribl with a critical Richardson number, Ric=0.25, and if Ribl > Ric is found for 
a model layer, the PBL height is set to the height of the top of the layer, plus an adjustment that is obtained by 
upward extrapolation based on the difference between Ribl and Ric. Furthermore in the MRF scheme Liu et al. 
(2004) a formulation by Beljaars (1994) was introduced for the convective velocity. The latter is added to the 
magnitude of the mean wind vector under convective conditions in the surface flux calculations in order to 
consider extra eddy mixing induced by surface-layer free-convective conditions. 
 

 
 
 
 
2.3. Experimental data 

Figure 1:  
Land use and terrain in the Phoenix metropolitan region for the inner MM5 modeling domain (2 km x 2 km 
resolution) as processesed by MM5’s preprocessor TERRAIN. 
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A meteorological and atmospheric chemistry field study was carried out in the Phoenix metropolitan area 

during a 4-week period 10 May and 10 June of 1998 to study the convective boundary layer. The details of the 
experimental sites and instrumentation were described in Fast et. al. (2000). Sites for 915-MHz radar wind profiler 
included (1) about 1 km northeast of Sky Harbor Airport (elevation 350 m); (2) McDowell Mountain Park (elevation 
616 m) and (3) Florence (elevation 500 m). Each profiler was configured to operate in a high resolution mode with 
60 m range gates and a lower resolution mode with 100 m range gates. The data were continuously collected and 
aggregated to hourly values of wind speed and wind direction. Each profiler was also equipped with a radio 
acoustic sounding system allowing to obtain virtual temperature profiles on the order of 1 km. At the Sky Harbor 
Airport site (1) and the McDowell mountain site radiosondes were released five times per day (0800, 1000, 1200, 
1400, 1700 Local Standard Time, LST) to measure wet and dry bulb air temperatures and pressure. A single 
sonde launch was performed at Superior (elevation 900 m) at some days at 1700 LST to obtain a measurement 
of the depth of the late afternoon mixed layer at this site. 
 
3. RESULTS AND DISSCUSION 
 
3.1. Model evaluation 
 

The model performances of the standard MM5 and the customized version for this study as described in 
paragraph 2.2 were evaluated for June 1998 regarding surface variables and vertical profiles of potential 
temperature. Composite 2 m air temperatures and 10 m horizontal wind speeds at each hour of the day for the 
NWS Sky Harbor Airport station as well as the root mean square error (RMSE) are given in Figure 2, indicating a 
significantly improved model performance of the customized over the standard MM5 version. Simulated and 
observed composite vertical profiles of potential temperature at Sky Harbor Airport for 1-10 June 1998 at 0800, 
1000, 1200, 1400 and 1700 LST are shown in Figure 3, indicating that the model captured the daytime evolution 
of the PBL successfully. 
 

 
 

Preliminary analysis of vertical wind speeds show that organized mesoscale circulations develop as a 
result of differences in sensible heat fluxes between the irrigated agricultural and urban/desert areas. 
Convergence-divergence couplets with an upward motion of up to 0.8 ms-1 were generated. Due to residential 
irrigation the differences in the simulated sensible heat fluxes between desert and urban areas between 50 and 
300 W m-2 occurred, depending on the urban land use/cover class. This resulted in mesoscale circulations with an 
upward motion of about 0.03 ms-1. 

In order to assess the effect of the change in roughness due to urbanization, i.e. replacing the relatively 
smooth desert and agricultural land surfaces with predominantly suburban areas, a simulation was carried out in 
which the urban area was replaced with desert land. The results show that the city has a significant aerodynamic 
effect on the near-surface wind fields with diminishing the wind speed of the thermally induced slope flows by up 
to 2 m s-1. 

 
4. CONCLUSIONS 

The results of the study show that the MM5 model performance for near-surface air temperatures and 
wind speeds was consistently improved during the June 1998 simulation period by including relatively simple 
modifications to the model in order to consider characteristics of the urban surface energy balance. The model 
also captured the daytime evolution of the PBL successfully. The simulations indicate that relatively strong 
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Figure 2: Average hourly 
values for 2m air 
temperature and 10 m wind 
speed as well as for the June 
1998 simulation period for 
the NWS station at Sky 
Harbor Airport. Plots 
represent (-o-) measured; (-) 
original MM5 and (-) 
customized MM5 version as 
described in paragraph 2.2.  
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mesoscale circulations develop between irrigated agricultural and desert/urban areas (vertical velocities w ~ 0.1 
m s-1). Residential irrigation in the urban area induces weaker land breezes between the urban area and the 
desert (w ~ 0.03 m s-1). Changes in roughness between the urban area and the relatively smooth desert surface 
affected the thermal winds due to complex terrain that determine the local winds during most parts of the year. 
During daytime the horizontal wind speed near the surface was reduced by about 2 m s-1 in the urban region. This 
has potential effects on the summer monsoon precipitation that falls in the Phoenix metropolitan area. Convective 
cells originate over the complex terrain surrounding the metropolitan area and move into the region through 
discrete propagation due to new convection being triggered along the outflow boundaries from existing cells. 
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Figure 3: Simulated and observed 
composite vertical profiles of potential 
temperature at Sky Harbor Airport for 1-
10 June 1998 at 0800, 1000, 1200, 1400 
and 1700 LST. 
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Abstract 
  During the CAPITOUL campaing, a wide range of instruments was put in operation in Toulouse and its 
surroundings. Those instruments allowed a continuous documentation at a fine temporal and vertical resolution of 
the Atmospheric Boundary Layer (ABL). A day of urban breeze regime is presented and analyzed helped by 
experimental data and high resolution numerical simulations. 

The analysis of the experimental data allows the identification of a positive temperature anomaly 
centered on the town, periods of convergence in the surface layer and divergence at high altitude in the 
afternoon. Those conditions are appropiates for the development of an Urban Breeze. A first numerical simulation 
a two, two-way, grid-nested models validates the numerical simulations to reproduce the characteristics of the 
Urban Boundary Layer (UBL) during that day. 
 
Key words: urban breeze, experimental data, high resolution numerical simulations 
 
 
1. INTRODUCTION  

 

The work presented is focused on the urban-breeze circulation observed in Toulouse, South-East of 
France, during CAPITOUL experiment. The experimental campaign CAPITOUL took place in Toulouse over a 
year (March 2004- March 2005). We centered our attention on the thermal and dynamical properties of the 
Boundary Layer during the IOP5 between the 3rd and 4th  July of 2004. 
 We choose this IOP between the fifteen IOPs of the campaign, because periods with low wind and high 
insolation are favorable to breezes episodes (Lemonsu, A. and V. Masson, 2002). Urban breeze is a theoretical 
concept (Oke,1987) defined by analogy with the sea-breeze caused by the difference of temperature between the 
sea and the ground.  The atmospheric baroclinicity, induced by the different response of the countryside and the 
city centre surface to the diurnal cycle of heating and cooling, is the source of the breeze circulation. 

The analysis of the experimental data shows that during the 4th of July the main surface wind was from 
the South-East, creating a region of a weak flow in the transition between the southeasterly flow near the surface 
to the northwesterly flow at high levels, leading to the development of a deep Urban Boundary Layer. The creation 
of a positive temperature anomaly centered on the town, and the identification of periods of convergence in the 
surface layer in the afternoon, suggested that the conditions were appropiate for the development of an Urban 
Breeze.  

 To support this hypothesis analyses of high resolution numerical simulations over the city of Toulouse 
will be presented. The numerical model used is Méso-NH (Lafore et al., 1998) coupled with the urban surface 
model TEB (Town Energy Balance, V. Masson 2000).    

In cities surrounded by industrial activity, urban-breeze can advects pollution into the city centre. Is for 
this, that a better understanding of these breeze circulations is important to ameliorate pollution peaks prediction 
and to evaluate air quality policy in the cities. 
 
 
2. EXPERIMENTAL RESULTS 
 
2.1. Observational network 
 

CAPITOUL experiment had a broad experimental deployment in the city and its surroundings. 
Meteorological conditions and thermo-dynamical properties were provided continuosly by different means that 
brought complementary space and time information. For this study, only ground stations measuring mean and 
turbulent parameters, wind profilers (UHF-radar and a laser Telemeter), radio soundings and aircraft data are 
used. 
 
 

                                                 
  Julia Hidalgo, Meteo-France/CNRM 
Phone: (+33) 0 561079666 
42, Av. Gaspard Coriolis  
31057 Toulouse, France 
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2.2. Presentation of the IOP5. Synoptic situation 
The synoptic situation during the IOP5, allowed the development of an anticyclone in the south of the 

country, with the absence of cloud coverage and a maximum temperature of 33°C in the city center. The dates in 
question corresponded to an extremely dry summer period.  

From the analysis of the experimental data, an urban plume was identified on the 3rd July, which was 
advected by the northwesterly mean flow that was present on that day. The wind was weaker during the night 
between the 3rd and the 4th of July. This allowed the developement of a heat island (UHI) with intensity of 4°C. 

During the 4th of July the surface wind was from the SE, creating a region of a weak flow in the transition 
between the southeasterly flow near the surface to the northwesterly flow at high levels, leading to the 
development of a deep Urban Boundary Layer (2200m high over the town and 2100m over the countryside).  

 
2.3. Urban breeze on 4th July 2004? 
 

Urban breeze is a mesoscale phenomenon (Oke, 2005) which order of magnitude, for the city of 
Toulouse, is around ten kilometers. It’s characterized by a convergent flow from the countryside to the city centre 
in surface (Figure 1). This dynamical circulation at low levels is completed by a divergent flow at the top of the 
Atmospheric Boundary Layer (ABL).  

 

                               
Figure 1: Vertical profile of wind direction and wind force, provided by radiosoundings from the city centre (black line) 

and the rural-site (20km from the city centre, grey line) at 18h UTC on 4th July 2004. 

 

The creation of a positive temperature anomaly centered on the town (Figure 2), and the identification of 
periods of convergence in the surface layer in the afternoon(Figure 3), suggested that the conditions were 
appropiate for the development of an Urban Breeze.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 2: Anomaly of potential temperature at 350, 1100 and 1750m height, provided by the aircraft flight between 
12h and 15h20 UTC on 4th July 2004. Thickest line corresponds to an anomaly of +1C.  
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Figure 4: Anomaly to the mean wind at 350, 1100 and 1750m of height, provided by the aircraft flight between 12h 
and 15h20 UTC on 4th July 2004. 
 
 
3. NUMERICAL SIMULATIONS RESULTS 
 
3.1. Presentation of the numerical Simulation  
 The numerical simulation was performed with the Méso-NH atmospheric model (Lafore et al., 1998) 
coupled with the scheme TEB (Town Energy Balance) to simulate the urban surface (Masson, 2000) and ISBA 
(Noilhan, J.  and S. Planton, 1989)  to simulate natural covertures, 
 Four two-way, grid-nested models are used in order to reach a high resolution for the last domain 
centered on the city of Toulouse. The horizontal grid resolution of these models is 12 km (M1), 3 km (M2), 1 km 
(M3) and 0,25 km (M4). 
 The vertical coordinate is composed of 50 levels. Fifteen levels are located in the first 1000m to finely 
resolve boundary-layer properties. The first atmospheric level is situated a 6m over the ground. 
 The initial and boundary conditions of the first domain (M1) are defined every 6 hours, using the 
ARPEGE (Action de Recherche Petite Echelle Grande Echelle) analyses. 
 
3.2.  Validation of the Meso-NH simulations. Comparison to the experimental data.  
 
 A first validation of Large Scale parameters was done with the models M1 and M2 to test the skill of the 
model to reproduce the development of the Urban Boundary Layer (UBL), synoptic wind, etc. 

In general results are in agreement with observations (Figure 5), differences, especially in wind direction, 
are cause by the large scale of the grid, 3km. The resolution of the M2 is insuffucient to observe turbulents eddies 
and vetical motions caused by the breeze in the city. 

We expect to validate the experimental results with the high resolution numerical simulations of 0.25km 
grid. For this model, the urban characteristics will be described with an urban database 100m resolution produced 
from aerial pictures 25cm resolution and a vector data base 2D and 3D.  
 

    
 

Figure 5: Vertical profile of potential temperature, wind direction and wind force provided by radio sounding from the 
city centre at 13h30 UTC (dot line) and the numerical simulation of M2 (black line) at 13h UTC on 4th July 2004 
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4. CONCLUSION 
 

A day of urban breeze regime were presented and analyzed using experimental data of the IOP5 of the 
campaign CAPITOUL and high resolution numerical simulations using four two-way, grid-nested models.  

The analysis of the experimental data of the 4th of July 2004 allows the identification of a positive 
temperature anomaly centered on the town, periods of convergence in the surface layer and divergence at high 
altitude in the afternoon. Those conditions are appropiates for the development of an Urban Breeze.  

A first run with the models M1 and M2 validates the skill of the model to reproduce the characteristics of 
the Urban Boundary Layer (UBL) during that day. The resolution of the M2 is insuffucient to observe turbulents 
eddies and vertical motions caused by the breeze in the city. 

We expect to validate the experimental results with the high resolution numerical simulations of 0.25km 
grid and a urban database 100m resolution to describe urban surface characteristics.  
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Abstract 

The land/sea breeze regime established over Marseille urban area during the UBL-ESCOMPTE experiment 
Intense Observation Period IOP 2b (June 24-26, 2001) is studied by means of simulations with the atmospheric 
model SUBMESO, coupled with the urban soil model SM2-U. Large Eddy Simulations (LES) are performed on 
three nested grids, with 110 m finest resolution. The detailed description of surface characteristics is obtained 
from a statistical analysis of an urban geographical database; an alternate simplified site description is also 
studied, where the city is removed. The simulations show that a strong sea breeze may dominate the urban 
processes, but the urban signature is still observed in the turbulent fields when comparing the simulations with 
and without the city. 
  
Key words: Urban boundary layer, sea-breeze, turbulence 
 

1. INTRODUCTION  

Air quality and climatology of urban areas can be understood and predicted with comprehensive numerical 
simulations. Urban surfaces, which were modelled with simple schemes in mesoscale simulations, are more finely 
and realistically represented in present high resolution models. As large cites often stand at the coast, it is also 
important to understand how the sea breeze interacts with urban thermal and aerodynamic processes. 
The atmospheric model SUBMESO is coupled with the urban soil model SM2-U (Dupont, 2001) for obtaining 
realistic heat fluxes at the lower boundary. This system allows studying the aerodynamic and thermodynamic 
interactions of the urban canopy layer and the atmosphere above. This study follows a series of simulations over 
academic urban configurations, including a coastal city (Leroyer et al., 2004) which put in evidence the 
differences of the urban boundary layer flow generated by different levels of urban surface representation, for 
different synoptic wind conditions.  

2. EXPERIMENTAL DATA  

The experimental field campaign ESCOMPTE took place in the Provence area (south of France) in June-July 
2001, with the main purpose of studying photochemical pollution episodes for different meteorological conditions. 
The Urban Boundary Layer (UBL) part of the experiment (Mestayer et al., 2005) focused on the most urbanized 
area of the domain, Marseille and its agglomeration, with specific resources for documenting the urban surface 
energy budget and small scale flows. The present study concerns the second Intense Observation Period (IOP2b) 
when a land/sea breeze regime dominated. 
Due to the large amount of measurements, the experimental data base offers a unique opportunity to validate 
urban models. The soil model SM2-U has been successfully validated off-line against the measurements of the 
city centre (Dupont and Mestayer, 2006). The SUBMESO-SM2-U coupled model system was validated for the 
Marseille area by comparison of model results to measurements such as surface energy budget components, 
aircraft turbulence measurements and UHF radar wind profiles (Leroyer et al., 2006). 

3. SIMULATION SETUP 

3.1. Atmospheric model 

LES are carried on with the SUBMESO model, derived from the ARPS code of Xue et al. (2000). It allows 
simulating flows at scales from tens of meters to several kilometres. To achieve high resolution simulations, an 
on-line grid nesting method was implemented by Pénelon (2002), using the AGRIF coupling module of Blayo and 
Debreu (1999). Three nested grids are used here, as shown on Fig. 1, with a 110 m resolution on the city centre 
(G3), to study in details the thermodynamics of the densely urbanised area, a 330 m resolution on the whole 
Marseille area (G2) to study district-scale interactions, and a 990 m resolution for the largest domain (G1). 
Meteorological model forcing at the largest domain lateral boundaries are the outputs of the RAMS model 
simulations on a larger domain with a resolution of 3km (Taghavi et al., 2004). A Davies-type relaxation scheme is 
applied to the interpolated meteorological variables, over a band of 6 cells inside the smaller domain, to smooth 
the eventual incompatibilities between models.  

                                                           
* Corresponding author address: LMF, ECN, BP 92101, F-44321 Nantes cedex 3, isabelle.calmet@ec-nantes.fr 
** Present address : LGCGM, INSA Rennes, 20 avenue des buttes de Coësmes, CS 14315, 35043 Rennes, 
France. 
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The turbulent fluxes at the sea-atmosphere interface are obtained using an iterative method based on the model 
of Liu et al. (1979) while sea surface temperature was recovered from the available AVHRR satellite data by 
modelling its diurnal cycle (Leroyer et al. 2006). 

830000 840000 850000 860000 870000
X (m)

95000

100000

105000

110000

115000

120000

125000

130000

Y
(m

)

Topography (m)
650
600
550
500
450
400
350
300
250
200
150
100
50
40
30
20
10
8
6
4
2
1
0

Etoile Massif

Puget
Massif

St Cyr
Hill

Huveaune
Valley

"La Garde"
Hill

Mediterranean
Sea

Berre
pond

Marseilleveyre
massif

( G1 )

( G2 )

( G3 )

 
Fig.  1: Simulation domain and computational grids 

3.2. Soil model  

SM2-U computes the surface energy budget and the heat fluxes to the atmosphere over both rural and urban 
surfaces, so that a unique file describing urban and non-urban land surfaces is needed. For the Marseille area, 
the BDTopo database was available from the French national geographic institute including building elevation and 
land covers. Surface cover modes and building morphology were mapped by means of an urban fabric 
classification into 10 classes of districts, following Long & Kergomard's (2005) methodology. The rest of the 
domain is described with Corine Land Cover classification. 
To perform a sensitivity study on the respective influences of the geography/topography and of the city, in an 
alternate surface file all urban classes are replaced by the "garrigue” Mediterranean vegetation class, i.e. the city 
is "erased" off the site. 

4. UBL analysis on June 25  
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Fig. 2: Potential temperature and wind vectors on June 25, 1300 UTC, Grid G2 : (a), West-east vertical cross 

section through the city centre; (b), South-north vertical cross section; (c), horizontal section at the first grid level. 
(The positions of the sections are indicated by the white lines) 

 
4.1. Sea-breeze behaviour  

On June 25 (Fig. 2), the sea breeze over Marseille rises early in the southern part of the domain, with a south-
east component entering in the G2 domain at 0800 UTC. Because of the rough topography of the southern coast, 
(the "Calanques" and Marseilleveyre ridge) at ground level the breeze turns around the south-western cape and 

(a) 

(b) 

(c) 
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another sea breeze leg rises from the south-west over the northern districts at about 1100 UTC, and extends later 
over the southern districts. Most urbanised districts started to warm up before sea breeze arrival, and warm air is 
then pushed toward the east (Fig. 2.c). As seen on the west-east cross section (Fig. 2.a), the sea breeze front has 
moved about six kilometres inland by 1300 UTC. Above 300m, the sea breeze progresses much more inland. The 
breeze front cannot be observed on the south-north cross section (Fig. 2.b) because it has moved further north. In 
the layer between 300 and 800 m the wind blows to the east, and above 800m the north-westerly synoptic wind 
dominates. 
The sea-breeze development seems too strong and too complex, due to the complex orography, to let place to 
any urban breeze. Nethertheless, the city influence can be put in light by the analysis of the turbulent fields.  

4.2. Turbulence  

In LES simulations, UBL turbulence can be analyzed by looking at time averages of local fluctuations. To avoid 
the influence of the diurnal cycle trends, the period of analysis has been selected when the sensible heat flux is 
quite stationary, during the 15 minutes between 1300 and 1315 UTC (Fig. 3). Here TKE is the total turbulent 
kinetic energy density, i.e. the sum of the sub-gridscale transported energy and the resolved quantity <ui" ui">/2 
where the ui" are the resolved fluctuations around the average wind components and < > indicates time 
averaging. This figure compares the reference simulation with Marseille (top frames) and without the city (bottom 
frames). The turbulent kinetic energy appears to be highest on the most densely urbanised districts, while in the 
simulation without city the maxima appear at the places where the flow is accelerated by topography, especially 
the Huveaunne valley. The friction velocity (Fig. 3b1) shows a high level of spatial variability, with a patchy 
pattern, with high values near the shoreline and in the northern districts. High variations of the humidity scale q* 
(humidity flux / u*)are also observed with lower values over all urban areas, much lower than in the simulation 
without city.The turbulent kinetic energy vertical profiles over the various urban districts, obtained from the 
reference simulation with a spatial averaging over each district type, are compared on Fig. 4. They put in 
evidence the influence of building density and height on the turbulence intensity in the lower atmospheric levels, 
with a blending height somewhat above 100 m. 
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Fig.  3: Statistical analysis of simulations with (top frames) and without (bottom frames) the city of Marseille, on 

grid G2 at 7.5m above canopy level, between 1300 and 1315 UTC (June 25) : (a), Total turbulent kinetic energy; 
(b), friction velocity (m/s); (c), humidity scale (kg/kg).  
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Fig. 4: Vertical profiles of the total turbulent kinetic energy for several districts of the reference simulation. 

5. CONCLUSION 

Sea breeze development over-, and interaction with the city of Marseille is studied from high resolution 
simulations with the LES model SUBMESO coupled with the soil model SM2-U including both urban and sea 
surface flux computations. The simulations reproduce the complex breeze system observed during the UBL-
ESCOMPTE experiment IOP 2b, showing a strong breeze development, with several legs due to the complex 
geography/orography of the site, resulting in a changing wind pattern at low level over the city. The city influence 
is not easy to observe in the wind field but may be put in evidence in the turbulent kinetic energy field, especially 
in comparisons of simulations with and without the city. Higher turbulence level and lower humidity scale are the 
signatures of the most urbanised districts. 
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WIND FIELD IN THE MOSCOW BOUNDARY LAYER: DIFFERENCE BETWEEN 
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Abstract 
 
We present the results of SODAR wind measurements in the lower part of atmospheric boundary layer at two 
locations: in the Moscow downtown and in an adjacent rural area. Two campaigns of continuous wind 
measurement were carried out in October and July. Wind profiles, mixing height, and thermal stratification were 
determined with 30 min averaging. Urban-rural wind speed difference strongly depended on thermal stratification, 
strength of wind, and altitude. On average, wind speed in the downtown were less than in the rural location, with 
1-2 m/s difference below 100 m and 0.5 -1 m/s at levels above 200 m; wind direction difference was within 10-20 
deg. Sometimes the differences were many times higher than averaged values.  
 
Key words: atmospheric boundary layer, Doppler sodar, urban wind field  
 
 
1. INTRODUCTION  
 
The problem of urban air pollution modeling and understanding of the role of urban areas on mesoscale 
circulation require the information on difference in wind field over urban and rural areas. Until recently, the 
majority studies of urban climate are devoted to the problem of urban heat island (UHI) and to exchange problems 
in the urban air basin. For instance, in the comprehensive review by Arnfield (2003) the wind field in the urban 
boundary layer (UBL) is not considered at all. The modern ground-based remote sensing systems provide wide 
capabilities for the monitoring of the PBL. The acoustic windprofilers (sodars) are most simple and inexpensive 
among them (Kallistratova 2003; Kallistratova and Coulter, 2004). In recent years, sodars become more and more 
popular tool for UBL studies. (e.g., Castracane et al., 2001; Troude et al., 2002). Sodars have been used in many 
complex experiments in urban climate studies, e.g., KONGEX and VISAS-1987 in the Vienna area; ECLAP in 
Paris and its rural suburbs; URBAN2000, in Salt Lake City; ESCOMPTE- 2001 in Marseille, BUBBLE 2001-2004 
in Basel. However, the sodar measurements were performed mostly during short-term IOP of these experiments 
and could not provide reliable statistical information on urban wind field. The few exceptions are studies by Peters 
and Fischer (2002) and Emeis (2004), where the long-term data (1-1.5 years) on wind field over few German 
cities were obtained for different seasons. In this paper the results of SODAR measurements in the center of 
Moscow and in adjacent rural region are presented.  
 
2. LOCATIONS AND TERMS OF MEASUREMENTS, AND INSTRUMENTS 
 
Two one-month-long measurement campaigns were carried out in October 1993 and in July 2005. During each of 
these campaigns two identical sodar systems were operated simultaneously in the center of Moscow megapolis, 
at the roof of the Obukhov Institute of Atmospheric Physics (IAPh), and at Zvenigorod Scientific Station (ZSS) of 
IAPh. ZSS is located in a weakly inhomogeneous rural area 45 km to the west from Moscow. Site separation was 
large enough to avoid UHI wake impact on the rural site for all wind directions, although both sites were usually 
within the same synoptic system. The preliminary results of 1993 campaign are reported by Kallistratova and 
Pekour (1994).  

The LATAN series of sodars developed in IAPh were used in both campaigns. In 1993 the LATAN-1 (Pekour 
and Kallistratova, 1993) sodars were used. In 2005 the measurements were performed by new PC-based 
LATAN-3 system (Kouznetsov, 2006) that is more tolerant to ambient noise. 
 
3. RESULTS 

 
An example of synchronous sodar data obtained at two sites is shown in Fig.1. The sodar echograms visualize 
the diurnal variability of vertical structure of turbulent scatterers density at measuring sites. Below each echogram 
the synchronous series of corresponding wind speed profile are shown. The thermal stratification and mixing 
height at two sites indicate a significant difference. The upper bound of nocturnal turbulized layer above the city is 
much higher and the morning convective activity below it starts earlier then in rural area. The wind direction at 
both sites does not differ much. In rural area in the night time the low level jet is usually forms. It is much less 
pronounced in the city. 
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Fig. 1. The echograms and 30-min averaged wind speed profiles measured on July 23 at (a) – Moscow 
downtown, (b) – ZSS. The local time is used for horizontal axis. The scattering intensity is plotted to the right in 
dB. At the wind plots the speed scale and mean direction for each profile are noted. Lines without points denote 
less reliable data when more then 75% of instantaneous measurements were discarded due to poor SNR. 

 
The difference in the wind speed between the two sites is strongly dependant on altitude, thermal 

stratification, and wind speed. The monthly averaged diurnal cycles of wind speeds for three altitudes are shown 
in Fig. 2. In the summertime the diurnal cycle of the wind speed in the city is much more pronounced (especially 
at lower heights) then in rural area. In the fall the thermal stratification of the ABL did not vary much during the 
day, so the wind speed did not change much at both sites as well.   

          
 
The corresponding scattering plots are shown in Fig. 3. In October, when both natural and antropogenic heating 
in the city are small the height dependence of the wind speed difference is caused mostly by the difference in 
roughness between urban and rural areas. The urban-rural difference in the wind speed depends also on the wind 
speed itself (Fig. 4). Under windy conditions the influence of urban roughness is stronger and reaches larger 
altitudes then in calm. Under weak wind the influence of convection on wind profile gets stronger.  

In Fig. 5 the urban-rural wind speed scattering plots are shown for the both seasons and all data obtained. 
The histogram presented in the left part of the figure shows almost symmetrical distribution of wind-speed 
difference with the median shifted to smaller speed over the city.  

Fig. 2. Comparison of 
averaged diurnal 
course of wind speed 
over urban and rural 
areas for three heights 
agl.  
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Fig. 5. Left and middle: Urban-rural wind speed scattering plots for the fall time and the summertime for the whole 
data files. Right: Histogram of wind speed urban-rural difference for the summertime.  
 

The shape of wind profiles in urban and rural areas is different as well. In Fig. 6 the monthly averaged wind 
profiles measured in Moscow and at ZSS are shown. In October, the shapes of urban and rural profiles are 
almost similar, and in July the profiles differ much both in shape and in magnitude.  
 

 

 
Fig. 3. Urban-rural wind speed 
scattering plots for two altitudes 
for the fall time. 

Fig. 4. Wind velocity 
urban–rural difference 
under strong and weak 
wind for the summertime. 

 
Fig. 6. Monthly 
averaged wind speed 
profiles over the urban 
and rural areas for two 
seasons (for the daytime 
and the night-time).  
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The urban-rural difference of wind direction is shown in Fig. 7. The wider histogram for July is caused by the 

strong variability of wind direction under weak winds, which prevail at that time. 
 

 
 
4. CONCLUSION 
 
The results obtained indicate that a sodar is a promising tool for urban wind field studies. 

In the fall the influence of urban area on the wind field in the lower part of the UBL may be explained by 
enhanced roughness in the city rather then by heat island effects, because both, the radiation heating and 
anthropogenic heating of the city were small in this time of year. In the fall the shape of the averaged wind profiles 
were similar in both sites; profiles revealed almost linear increase of wind speed with height both in daytime and 
in nighttime, which is typical for fall season with low daytime convective occurrence.  

Mixing height and wind speed differed significantly at the two sites in summer season; in average urban 
mixing height was twice as large as rural one, with occasional difference up to the factor of 4. The nocturnal low 
level jet (LLJ) was common feature for rural location and was rarely observed at the downtown site. The LLJ in 
the city appears much higher and is much less pronounced then in rural area. Average difference at 200 m level 
above the ground was in the order of 2 m/s (city winds slower) while at night that difference was up to 4-5 m/s. 
That diversity of wind field is obviously related to enhanced effects of solar heating of the city in daytime and 
slower cooling at night. On average, wind direction difference was within 10 deg. in fall as well as in summer 
seasons. 
 
The work was supported by Russian Fund of Basic Researches through grants 04-05-64167 and 05-05-64786. 
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ABSTRACT 
The cyclic behavior of the land and sea breeze is of high importance in determining air pollutants transport and 
dispersion characteristics in coastal regions around the world. Earlier studies of coastal recirculation in the world 
and in Israel have focused on the analysis of recirculation in a single case analysis approach based on ground 
truth data and\or using meteorological and dispersion modeling. However, such methods of investigation have 
provided only a patchwork of measurements without revealing the complete picture. This study presents a 
methodology for a quantitative estimate of coastal recirculation. This approach offers new insights on the 
occurrence of horizontal recirculation with respect to seasonality and synoptic flow patterns. It is shown that the 
optimal conditions for recirculation are light winds or stagnant conditions, where the nighttime land breeze is 
stronger. Furthermore, the results indicate that the urban heat island acts to reduce the land-sea thermal gradient 
during the night, weakening the land breeze and reducing the potential for recirculation. Finally, the effect of 
recirculation and stagnation events on air pollutants is discussed. Primary pollutants like NOx and CO are prone to 
build up their concentrations under stagnant conditions and high recirculation. Secondary pollutants like O3 that 
normally take several hours to create and are easily titrated by NOx, will have low mean concentrations under light 
winds and high recirculation. 
 
Key words:  coastal recirculation, breeze, air pollution, urban heat island 
 
1. INTRODUCTION  
Air masses recirculation due to the diurnal rotation of the land-sea breeze winds plays an important role in 
determining many aspects of coastal environments (NRC, 1992). Recirculation in coastal regions occurs in two 
mechanisms. Vertical recirculation refers to the return flow aloft a few hundreds of meters above the surface 
breeze layer. Horizontal recirculation refers to the clockwise (or anticlockwise) rotation of the wind due to the 
diurnal cycle of the land-sea breeze (LSB). Previous studies (Neumann, 1977; Kusuda and Alpert, 1983; Alpert et 
al., 1984) have shown that the LSB winds rotation are a result of the breeze intensity (mainly governed by the 
land-sea temperature gradient), latitude, geostrophic wind forcing and friction. These factors, therefore, also affect 
the horizontal recirculation.   
Many studies have shown that air pollutants concentrations in coastal cities may be gravely affected by 
recirculation (e.g., Alper-Siman Tov et al., 1997; Yimin and Lyons, 2003; Baumgardner et al., 2005; Oh et al., 
2006). These studies have focused on the analysis of recirculation in a single case analysis approach based on 
ground truth data and\or using meteorological and dispersion modeling. However, such methods of investigation 
have provided only a patchwork of measurements without revealing the complete picture. The study presented 
here aims at giving a quantitative estimate of the horizontal recirculation with respect to seasonality and synoptic 
conditions, show its modification by the urban heat island effect and measure its impact on air pollutants 
concentrations. 
 
2. DATA AND METHODS  
The data used in this study is from 29 monitoring stations that measure 30 min averaged meteorological 
parameters (mainly wind speed and direction) and air pollutants concentrations (O3, NOx and CO), over the 5 yrs 
period of 2000-4. The stations are located along the East Mediterranean (EM) coastline in 3 urban airsheds: the 
town of Hadera some 35 km north of Tel Aviv, the Tel Aviv metropolitan with a population of about 1 million and 
the town of Ashdod some 30 km south of Tel Aviv, with a few additional stations downwind from these airsheds. 
Sea surface temperature measurements were retrieved from two buoys located about 2.5 km offshore. Finally, a 
subjective classification of the daily synoptic circulation patterns over the EM was performed, along the 12 UTC 
sea level pressure for the period 2000-4. 
Given a time series of hourly wind observations ( N)1,2,...,(i, =+= iii vuV ) at a measuring site, Allwine and 

Whiteman (1994) have suggested the following definitions of resultant transport distance (L), stagnation (S) and 
recirculation (R) parameters, calculated for each time step i over a running period τ (e.g., 24 hrs):  
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i
i S

L
R −≡ 1    (3) 

where T is the averaging interval of the data (30 min in this study). L (the wind vector sum) is a measure to the net 
distance an air parcel have dislocated over a period of 24 hrs, whereas S (the wind scalar sum) is a measure to 
the total distance the parcel have traveled (figure 1). When divided by the running time period for integration (τ), S 
and L are the scalar and vector averaged wind speed, respectively. These quantities may be considered as an 
exact measure of the parcel's travel only in an ideal homogeneous wind field. Since this is not the case in coastal 
regions, they should only be regarded as representing the wind field characteristics in the vicinity of the 
measuring site.  
 
 

 
Figure 1: Two illustrations demonstrating the definitions of the transport distance L and stagnation S. In case a) the wind rotates 

anticlockwise, producing high recirculation. In case b) the wind direction is mainly easterly causing low recirculation. 
 
2. RESULTS   
 
2.1. Monthly distribution 
The monthly distribution of recirculation shows low values in summer and winter and high values in spring and 
autumn (figure 2). The summer minimum is due to the synoptic flow pattern prevailing during most of the summer 
days, as manifested by persistent westerly winds within the atmospheric boundary layer. The frequent passage of 
a frontal low in the winter, associated with strong winds that overrule the local breeze, is the main reason for low 
recirculation values in this season. During the transitional periods, the EM is often subjected to weak easterlies 
that are associated with clear skies and dry air. These periods are more prone to high recirculation since they 
support the land breeze at night.  
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Figure 2: Monthly distribution of the recirculation parameter for 3 airsheds 

 
2.2. Synoptic flow  
The importance of the synoptic scale flow on the local recirculation is demonstrated by two typical circulation 
types. The first, a frontal low associated with strong winds hence overruling the local effect of the land-sea 
thermal gradient, which displays low recirculation values on all monitoring sites (figure 3a). Under the stagnant 
conditions of a barometric high, the land-sea thermal gradient is more prominent, supporting the land breeze, and 
accordingly, higher recirculation values are measured (figure 3b).  
 
2.3. Urban heat island 
In the Tel Aviv airshed, the increase in night time temperatures of 2-3 °C as compared to the northern and 
southern coastal airsheds, is a result of the urban heat island. These high temperatures near the shore cause a 
decrease in the land-sea temperature gradient during the night and therefore weaken the land breeze, particularly 
during the transitional seasons (figure 4). As a result, the recirculation measured at the Tel Aviv airshed is usually 
weaker then at the other two airsheds. This phenomenon is most pronounced during the transitional periods of 
spring (April) and autumn (October) where stagnant synoptic conditions are most frequent (figure 5).  
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Figure 3: Averaged recirculation for the frontal low (left, averaged for 77 days) and barometric high (right, averaged for 65 days). 
Light colors indicate low recirculation and dark colors indicate high recirculation.  Low recirculation values are measured during 

the frontal low, whereas high recirculation values are measured under a barometric high conditions. 
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Figure 4: The urban heat island of Tel Aviv is exemplified by the diurnal air temperature changes at 3 monitoring sites for 

October and April. Sea surface temperatures are also shown for reference. 
 

 
Figure 5: The effect of the Tel Aviv urban heat island on recirculation. During the transitional seasons when the geostrophic 

wind forcing is minimal, local effect such as the land-sea temperature gradient and the urban heat island are more pronounced. 
 
2.4. Air pollution 
Air pollutant concentrations measured at the monitoring sites are the result of many factors, such as local 
emissions, long range transport, atmospheric stability, inversion base height, etc. Therefore, we cannot expect a 
linear correlation between pollution levels and any one factor, including recirculation.  
The frequency distribution plot of recirculation vs. stagnation (figure 6a) is very helpful in describing the wind flow 
characteristics measured at a given site. Each bin in the plot represents the number of events with the 
corresponding values of R and S over the measuring period (5 yrs in this study), divided by the total number of 
observations to give the percent occurrence. Events with low stagnation values (i.e., low mean wind speed) are 
represented on the left side of the plot, whereas events with high stagnation values are on the right side. The 
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mean occurrence distribution (MOD) of air pollutants display the averaged value of pollutants' concentrations 
measured in each bin of R-S values. Figures 6b-c show the MOD plots of NOx, O3 and CO respectively, 
measured at the Yad Avner site located in a residential area of Tel Aviv. 
The short lifetime of NOx molecules and its extensive emissions in the Tel Aviv airshed, cause high 
concentrations during stagnation conditions, i.e., low S and particularly high R values (upper left side of figure 6b). 
On the other hand, low NOx concentrations are measured for strong winds and low recirculation (lower left corner 
of figure 6b). Because of the extensive emissions of NOx in the Tel Aviv airshed, stagnation conditions are usually 
accompanied by O3 titration. Therefore, high ozone values are associated with high S values (figure 6c), where 
high recirculation is not common. Like NOx, CO is also emitted from mobile sources in urban regions, and 
therefore displays high concentrations during stagnation events. However, the long lifetime of CO (several 
months) make it a candidate for long range transport. Hence, high CO concentrations are also observed during 
stronger winds. Indeed, figure 6d shows high CO at the upper left corner (i.e., stagnation events) and another 
small peak at the lower right corner. 
 

 
 
3. SUMMARY 
This study presents a methodology for a quantitative estimate of recirculation due to the land-sea breeze winds 
near the surface. This novel approach offers new insights on the occurrence of horizontal recirculation with 
respect to seasonality and synoptic flow patterns. It is shown that the highest potential for recirculation is during 
the transitional periods and mainly in October. The optimal synoptic conditions for recirculation are a barometric 
high pressure system, associated with light winds, where the nighttime land breeze is stronger. Also, it is shown 
that the urban heat island acts to reduce the land-sea thermal gradient at night and therefore weakens the land 
breeze and reduces the potential for recirculation. Finally, the effect of recirculation and stagnation events on air 
pollutants is discussed. Primary pollutants such as NOx and CO are prone to build up their concentrations under 
stagnant conditions and high recirculation values. Secondary pollutants like O3 that normally take several hours to 
form and are easily titrated by NOx, will have low mean concentrations under light winds and high recirculation. 
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Abstract 
 
The examples of using two profilers MTP-5 installed in different points of Moscow for studying the influence of atmospheric 
stability on air pollution zones distributions in the territory of megalopolis are discussed. An influence of relief and cooling towers 
on the structure of temperature stratification of atmospheric boundary layer carried out by means of mobile and stationary 
profilers are described.  
 
Key words: atmospheric boundary layer, remote measurement, temperature profile 
 
1. INTRODUCTION 
 
The creation of the device for remote measurement of temperature profile of atmosphere MTP -5 (Kadygrov and 
Pick, 1998) revealed new possibilities for the study of atmospheric boundary layer (ABL). The regular 
measurements of the temperature profiles of atmosphere by means of MTP-5 are carried out in five cities of 
Russia (Moscow, Nijniy Novgorod, Orenburg and Krasnoyarsk) at present. The integrated history of MTP-5 data is 
formed. The results of continuance regular measurements of temperature profiles up to the height 600 m in the 
megalopolis Moscow and its suburb made it possible to obtain the new data about the influence of city on the 
thermal regime of ABL (Kadygrov et al.,2002). Two types of urban heat island (UHI) were identified on the basis of 
the temperature profile measurements: the warmer dome of the urban heat at all levels, and low warmer dome in 
combination with the lens of the cold air above it. (Khaikine et al., 2003). The influence of the megalopolis on the 
thermal mode of ABL during the passage of atmospheric fronts is shown in (Kuznetsova et al., 2003; Khaykin et 
al., 2006). A change of the thermal regime of ABL in the city and back-country suburb under the conditions of high 
concentration of aerosol caused by forests and peat bogs fires on the data of regular measurements of the 
temperature profiles is analyzed in (Khaykin at al. 2005). Published results are obtained based on temperature 
profiles measurements made by two or three stationary profilers MTP-5. In accordance with scales and patterns of 
urban climate proposed by T.R. Oke (Oke, 1999, 2006) these measurements describe mesoscale phenomena 
within which the air shows the integrated presence of the city. Mesoscale includes local scales and microscales. 
The mobile system MMTP-5 was created for studying the special features of urban boundary layer structure on 
the different scales (Khaikine et al., 2005). It consist of MTP-5 temperature profiler installed on the roof of car, 
ultra-sonic anemometer for measurement of near surface meteorological parameters (temperature, humidity, wind 
speed and direction), system for remote control of measurements and GPS-system. Mobile measurements give 
the possibility to obtain the unique instrument data about the three-dimensional variations of the urban boundary 
layer (UBL) structure and to reveal  localization mesa and microscale structures inside the megalopolis. Mobile 
MMTP-5 system was successfully used for investigations of UBL thermal regime at Nijniy Novgorod (2004), 
Udomlia (2005), Kislovodsk (2006). In March 2006 combination of stationary and mobile profilers were used for 
ABL investigation in Kislovodsk during full solar eclipse. 
 
2. USE OF STATIONARY PROFILERS DATA FOR ANALYSIS OF AIR POLLUTION IN MOSCOW 

The regular measurements of the temperature profile by two profilers MTP-5 installed in the centre of Moscow 
and in the nearest suburb (20 km to the north) were used in the analysis of anomalous pollution of atmospheric air 
by NO2 and CO in the leeward urban outskirts placed far from the pollution sources. These cases were observed 
in February 2005. The data of 20 automatic stations of pollution monitoring in Moscow and data on wind, obtained 
by the sensors mounted on the television tower at heights 85, 128, 253 and 305 meters were used in the analysis. 
The television tower is placed at a distance about 8 km from the centre on the line between two profilers. The 
analysis showed that temperature stratification is one of the main factors of anomalous air pollution in different city 
localities in calm conditions (wind speed in the lower 100 m layer was less than 2 m/s). The mean (averaged on all 
stations) level of air pollution correlated well (Kcorr > 0.7) with lower boundary of temperature inversion in the 
centre of the city for the morning and evening peaks of autopollution. But the highest level of air pollution was 
observed in the leeward urban outskirts removed from the pollution sources. The measurements of the 
temperature profiles in the center of city and in the outskirts showed that this shift of pollution plume centre is a 
result of a circulation appearing in the urban boundary layer in the presence of inversion. The elevated inversion 
and weak instability of atmosphere in the centre of city had an influence on pollution concentration decrease. The 
well-detected pollution plume was formed under the effect of air circulations in the urban boundary layer at weak 
speeds of air transfer in ABL. The main direction of air transfer and temperature stratification characteristics in the 
zones of anomalous pollution influences on the transformation of this pollution plume. A setting of pollution plume 
and an increase of pollution concentration were observed in the outskirts, where the condition of atmosphere was 
steadier than in the centre of city.  
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3. RESULTS OF VERTICAL TEMPERATURE PROFILES MEASUREMENTS IN NIJNIY NOVGOROD 
 
Two profilers: stationary MTP-5 and mobile MMTP-5 were used for the study of the internal temperature structure 
of UBL in Nijniy Novgorod. The city is placed on the confluence of two largest rivers of the Eastern European 
plain: Oka River and Volga River. Nijny Novgorod is the large industrial center with the population of 1.3 million 
people occupying the area of approximately 350 km2. The city is divided on two parts depending on the relief, 
namely: beyond the river part and upland part. The altitude of plateau varies from 100 to 200 m. Another part of 
the city (beyond the river) is placed between the right bank of Volga River and the left bank of Oka River. It has 
the altitude 70-80 m.  
Measurements in Nijniy Novgorod were carried out in August –October 2004. Stationary profiler MTP-5 was 
installed in the highland part of the city (the height of the installation equals 235 m above sea level). The 16 places 
of measurements (points) were selected before beginning the measurements on the territory of Nijny Novgorod 
and in the suburb by means of mobile profiler MMTP-5. The points were selected in such a way that the 
measurements would be carried out in different type of Urban Terrain Zone (UTZ) or placed near the pollution 
sources. The levels of different points in the city differ on more than 100 m. The question arises in connection with 
this: how to compare the profiles obtained at different points? Two versions of the comparison are possible. In one 
case, the height is measured from the level of device installation (in the case of measurement by MMTP-5 this is 
practically the ground level). In the second case, the heights for all points is measured from sea level. We used 
both comparison methods for obtained data analysis. In Figure 1 is shown an example of two methods of profiles 
comparison the obtained by stationary profiler MTP-5 and measured by MMTP-5 in points N6 and N7. In Figure 
1a the height above ground level is shown on the Y-axis. The altitude (the height above see level) is shown on the 
Y-axis in Figure 1b. 
Time between the measurements in points N6 and N7 equals 40 minutes; distance between them is 6 km. The 
measurements showed the profiles obtained by stationary MTP-5 in 4:30 and 5:10 were sufficiently close. The 
difference between the profiles did not exceed 0,3OC, i.e., in this time it was not observed substantial changes in 
ABL. It can see in Figure 1 that the profiles measured in points N6, N7 and by stationary MTP-5 differ more than 
0.5OC up to the height 200 m. The difference of the profiles does not exceed 0.5 OC at altitude above 500 m. 
Lapse rates at point N6 and in the highland part, where is located stationary MTP-5, were close to dry adiabatic 
gradient in layer above 300 m from ground level. Lapse rate in this layer was close to the moist adiabatic at point 
N 7. The measurements carried out at different points showed the significant spatial heterogeneity of the thermal 
structure of ABL, that is, the zones of local scales were observed in UBL. The differences of temperatures 
measured synchronously by mobile and stationary profilers (dT=TMMTP-5-TMTP-5) for the same altitudes were 
calculated to identify local scales. Calculations showed in the territory of city and in its suburb were observed 2-3 
local zones in the layer 200-600 m. The value of dT is in the range from -1.5 up to +1.5OC. The position of these 
zones changed insignificantly.  The "warm zones" (dT>0) were observed in the beyond the river part and in the 
center of city. A characteristic example of the spatial distribution of temperatures difference dT is shown in 
Figure 2. Dark zones in the figure correspond to the situation when the temperature in observation point was 
higher than the temperature measured at the same height above sea level by stationary MTP -5 (dT>0.5OC). The 
gray zones correspond to dT<0.5 OC. 
The distribution of lapse rates γ[ОC/100m] were calculated for the temperature profiles measured by stationary 
MTP-5 and mobile profiler for three regions (suburb, the beyond the river and highland parts of the city) and in two 
layers (0-200 m and 300-600 m) for quantitative estimation of UBL thermal regime differences in different local 
zones. The calculations showed the distribution of γ for these two layers and different regions distinguished 
essentially in the layer 0-200 m. For example, lapse rate more than 2ОC/100 m in the suburb and in the beyond 
the river part of the city were observed about in 30% of cases, and in the highland part and for the stationary 
measurements such values were observed only in 10% of cases. The distributions of lapse rate were practically 
identical for all regions of city for the heights more than 300 m. The maximum of distributions was located in the 
range from -0.5 up to 0.0ОC/100 m. The slightly unstable state of the atmosphere (0<γ<0.5ОC/100m) was 
observed in the layer 300-600 m not more than in 18% of cases for all regions. That is, the influence of relief and 
landscape had weakly effect above 300 m. 
 
4. RESULTS OF TEMPERATURE PROFILE MEASUREMENTS IN REGION OF TOWN UDOMLYA  
 

The town Udomlya is placed on northwest of the central part of the European territory of Russia on the 
Vyshnevolotskoy lowland on the southern beach of the lakes Pesvo and Udomlia. The lakes are connected by an 
anabranch. Udomlia is a small town with the population  of 33.8 thousand people occupying the area of 
approximately 7.8 km2. Area relief where the measurements were carried out is uniform. A change in the 
altitudes does not exceed 30 m. Two cooling towers of big power plant which are powerful additional sources of 
heat and moisture is an important features of the region where measurements were made. The presence of large 
water area can affect on the thermal regime of ABL. The measurements of temperature profiles, relative humidity 
and wind speed and direction were carried out in 11 preliminarily selected points in October-November 2005. 
The size of measuring territory is about 8x11 km. The positions of measuring points are shown in Figure 3. The 
object of measurements was the evaluation of influence of two cooling towers on the thermal regime of ABL. The 
measurements of the temperature profiles were carried out both at positive and negative ground temperatures. 
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Relative humidity varied in the range from 25 up to 95%. One cycle of measurements (measurement at 11 
points) required 2.5-3.0 hours. The measurements were carried out for stationary weather conditions in the 
evening and at night (from 20:00 to 9:00 local time) as a rule. The measurements carried out in the conditions of 
strong instability showed that the thermal structure of ABL is spatially uniform in the layer 0-600 m. For stationary 
weather conditions were observed 2-3 local maximums of ground temperature. One local maximum was 
observed permanently in the region of cooling towers (point N7) in the zone with a radius of 1.5-2.0 km. The 
second local maximum was observed in the city (point N1). The third local maximum of ground temperature was 
observed in the region of point N5 in the case of southern and southwestern wind directions. The local maximum 
of moisture content (dq=0.5-1.0 g/kg) was observed in the region of cooling towers in the case of northern wind. 
The local maximums of moisture content (dq=0.5 g/kg) were observed in points N8 and N5 in the case of 
southern and southwestern wind directions. Wind speed was in 1.5-2.5 times higher than wind speeds at other 
points in the region of cooling towers. That is, an anomalous zone was observed on the ground-based 
measurements of temperature, relative humidity and wind speed in the stationary weather conditions in the 
region of cooling towers. 
The measurements of temperature profiles showed that the anomaly was observed in the upper layers of 
atmosphere also. An example of spatial heterogeneity of vertical structure of ABL is shown in Figure 4. The 
measurements were carried out on October 16, 2005 from 0:10 up to 4:50 (local time). The temperature field 
measured by MMTP-5 at different points in two cycles of measurements is shown in this figure. A change of 
ground temperature and moisture content is shown in Figure 5. The numbers of measuring points are shown in 
the upper part of the figure. It can see in the figure that in the time of measuring it did not observed strong 
changes in ABL. Two steady warm zones are well visible. The first zone is located in the town region (point N1). 
The second zone is located in region of cooling tower (point N7). Relatively cold zone was located on the eastern 
beach of lake Udomlia (point N5). Wind had northwestern direction. Wind speed at all points did not exceed 1 m/s 
with exception of point N7 (cooling tower). The speed was equal 2.5 m/s at this point.  
The measurements of temperature profiles showed that the temperature profile measured in the region of cooling 
towers (point N7) differed from that observed in other points. If in all points was observed an inversion, then in the 
region of cooling towers was observed or weak inversion (power of inversion did not exceed 1 degrees), or 
adiabatic profile was observed. The best agreement of profiles at whole 600 m layer was observed in points N1 
(Udomlia) and N7 (cooling tower). That is, cooling towers had an effect on ABL approximately the same as the 
town Udomlya. The affect of cooling towers on the temperature stratification of atmosphere was observed up to 
height 300-350 m under calm conditions (V<0.5 m/s). The affect of town on ABL was observed only in 100 m layer 
under these conditions. The differences of temperature profiles measured in other points were observed in the 
lower 150 m layer. The lapse rates were practically the same in the layer above 150 m. 
 
5. SUMMARY 

 
The regular data about the spatial distribution of temperature stratification inside megalopolis obtained by means 
of stationary profilers MTP-5 installed in different places make it possible to understand better the mechanisms of 
anomalous pollution zone formation far from the sources of pollution. 
The joint use of stationary and mobile profilers in measuring of altitude temperature profile of ABL gives it possible 
to obtain spatial, dynamic picture of thermal processes in ABL in the city and in its suburb. 
Measurements carried out in Nijniy Novgorod and in region of the town Udomlia showed that the greatest spatial 
heterogeneity of the thermal structure of ABL was observed in Nijniy Novgorod in lower 200 m layer, and in 
Udomlia in lower 100 m layer. The spatial heterogeneity of temperature profile is insignificant in higher layers. This 
level is equal 300 m in Moscow (Khaikine at al. 2006). 
The measurements carried out with the using of mobile profiler in the region of Udomlya showed that the powerful 
additional sources of heat and moisture (cooling tower) affect substantially on the thermal structure of ABL. The 
effect from the cooling towers under calm conditions was comparable with the effect on ABL by large city Nijniy 
Novgorod. 
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Fig. 1. Temperature profiles measured at different points by mobile and stationary profilers. August 6, 2004. 
a) – height above ground level; b) – altitude. 
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Abstract 
 
Turbulence data from a tower operated within an urban roughness sublayer are used to identify coherent struc-
tures, namely large sweep-ejection cycles. With the help of conditional sampling and a wavelet based detection 
scheme a large number of events have been analyzed and averaged. The resulting time-height cross sections 
illustrate the dynamics of characteristic coherent structures, and provide insight into exchange processes between 
a street canyon and the urban atmosphere aloft. 
 
Key words: Turbulence, roughness sublayer, urban canopy layer, conditional sampling, coherent structures, 
wavelet analysis. 
 
1. INTRODUCTION  
 
From vegetation canopy and wind tunnel studies we know that turbulence in the roughness sublayer is character-
ized by large-scale coherent structures. A characteristic ejection-sweep pattern, and tilted micro-fronts, which 
propagate in downwind directions characterize canopy turbulence (Finnigan, 2000). These structures dominate 
turbulent fluxes of momentum, heat and mass both inside and close to the canopy and drive the efficient ex-
change. 
In recent years, urban turbulence studies revealed similarities to flows close and within plant canopies, suggesting 
that coherent structures might be of same essential importance in turbulent exchange at least in a horizontally 
averaged view in urban areas. This has been partially confirmed by the few urban studies, which investigated 
coherent structures (e.g. Kanda et al., 2004; Feigenwinter and Vogt, 2005; Salmond et al. 2005). 
With the help of full-scale measurements, we (i) detect events, (ii) determine spatial coherence, and (iii) recon-
struct their dynamics in time-height cross-sections. 
 
2. EXPERIMENTAL DATASET   
 
The Basel Urban Boundary Layer Experiment (BUBBLE, 2001-2002, Rotach et al., 2005) provides a long-term 
turbulence dataset, which is ideal to address the above questions. We focus on the main experimental tower 
‘Basel-Sperrstrasse’, which was equipped with six ultrasonic anemometer-thermometers (sonics) inside and 
above a vegetation-free street canyon (Fig. 1 and 2, Tab. 1). The street canyon has a building height of h = 14.6 
m. All six instruments recorded simultaneously high-frequency wind components u, v, w, and acoustic tempera-
ture θ. This experimental site provides data over nine months from November 2001 to July 2002. For details of the 
instrumentation refer to Christen (2005). 

 
  

z  
 
z/h 

 
Sonic Model 

Output 
Freq. 

F 31.7 m  2.17 Gill HS 20 Hz 

E 22.4 m  1.53 Gill R2 20.8 Hz 

D 17.9 m  1.23 Gill R2 20.8 Hz 

C 14.7 m  1.01 Gill R2 20.8 Hz 

B 11.3 m  0.77 Gill R21) 20.8 Hz 

A 3.6 m  0.25 Gill R21) 20.8 Hz 

  

1)  Instruments were replaced by Metek USA-1 from 23 to 
July 15, 2002. 

Fig. 1 (left): Map of the street canyon and tower location at ‘Basel-Sperrstrasse’. Fig. 2 (center): tower with corresponding measure-
ment heights photographed from ENE. Tab. 1 (right): Ultrasonic anemometer instrumentation.  
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3. RESULTS  
 
3.3. Sweep and ejection patterns 
 
Joint probability densities (jpds) between all combinations of u, v, w, and θ were calculated for blocks over one 
hour. Classical quadrant measures were derived from the jpds. For example ∆S0, which denotes the difference 
between flux contributions from sweeps (fast or cold downward motions) and ejections (slow or warm upward 
motions) was calculated. The vertical profiles of ∆S0 in Fig. 3 show that sweeps dominate the turbulent transport 
of momentum and sensible heat in most parts of the urban street canyon. The fluxes cross over to ejection domi-
nation at 1.2h for sensible heat and well above 1.5h for momentum. The right side of Fig. 3 draws profiles of ϑ’, 
the time fraction above which half of the flux occurs (Raupach et al., 1986). A value of ϑ’=0.05 means that in only 
5% of the time, half of the flux occurs. Both fluxes increase their intermittency with increasing depth in the urban 
canopy. The height of the crossover, where sweeps and ejections are of same relevance, is dominated by small 
scale and locally determined turbulence whereas in the urban street canyon below, large coherent structures 
dominate both fluxes. Typically, these intermittent flux-relevant events are simultaneously measured at multiple 
levels. 
 

 

Fig. 3: Quadrant analysis measures at ‘Basel-Sperrstrasse’. Left: difference between flux fractions of sweeps and ejections ∆S0 for 
momentum exchange (a) and sensible heat flux (b). Right: time fraction above which half of the flux occurs ϑ’ for momentum exchange 
(c) and sensible heat (d). Stability was determined with local values of u* and w′θ′ at tower top. Shown are average values from Nov 1, 
2001 to July 15, 2002. 
 
3.3. Wavelet based event detection 
 
Using a wavelet based detection scheme, single events can be isolated. By analyzing a huge number of events, 
conditional averages can then be calculated. Conditionally averaged events allow reconstructing cross sections 
(time to height), which illustrate and quantify the dynamics of coherent structures, namely events occurring at 
several levels simultaneously.   
Practically, the summertime period June 12 – 19, 2002 was selected for further 
analysis. The period was characterized by steady forcing and high sensible 
heat fluxes. Daytime data from 10:00 to 18:00 CET were processed. A con-
tinuous wavelet transform (CWT) was applied to the time-series of acoustic 
temperature θ(t) at each level individually. To detect events, the imaginary part 
of the Paul-wavelet drawn in Fig. 4 was analyzed in periods between 10 and 
300 sec. 
Events were located in frequency η and time t as 2d-local maxima or minima of 
the wavelet transform. The procedure returns for each event (i) maximum 
wavelet energy, (ii) frequency and (iii) exact timing. Events detected at a local 
maximum are called ‘Type A’, and represent a temperature drop followed by a 
temperature raise. Events detected at a local minimum are denoted ‘Type B’, 

 
Fig. 3: Sample of a Paul-Wavelet 
used for detection of events (imagi-
nary part). 
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and are a temperature raise followed by a temperature drop. Type A events are slightly more common at all levels 
in this unstable roughness sublayer dataset. 
This procedure was done individually for each level of the tower and further for a composite time-series, which 
was calculated as the average θ(t) from all six levels. The latter one was used to detect coherent structures simul-
taneously measured at several levels. A detection process based on this composite time-series is less sensitive 
than selecting a specific detection height, which always incorporates local events measured only at a specific 
level. Back in the time-domain, events were simply grabbed over a window of ±120 sec. All events were averaged 
leading to the average time-height cross sections shown in Fig. 5 to 7. τ denotes to the time relative to the detec-
tion of the event at τ=0 (drawn for ±60 sec in Fig. 5 to 7).  
 

 
Fig. 5: Conditionally sampled microfronts. Arrows show horizontal wind speed m, vertical wind speed w (5 times exaggerated), Contour 
lines again show vertical wind speed (64 hours, June 12 – 19, 2002; 10:00 to 18:00 CET). 
 

Figures 5 and 6 illustrate that the time scale of flux-dominating coherent structures is in the order of 60 to 120 sec. 
The vertical wind velocity is clearly related to the relative timing of these structures and leads to distinct patterns 
in events of type A and B. Events of type A are sweeps followed by ejections and are characterized by a distinctly 
tilted front axis in both vertical wind (Fig. 5, left) and acoustic temperature (Fig. 6, left). This indicates that these 
events propagate downwards from above and later penetrate into the street canyon. Events of type B are ejec-
tions followed by sweeps and changes are occurring more simultaneously at all levels, again for vertical wind (Fig. 
5, right) and acoustic temperature (Fig. 6, right). Note, that the same wavelet transform, and only acoustic tem-
perature, but no information on the wind field is used in the detection procedure of both types, so differences are 
likely an effect of their physical forcing.  
 

 
Fig. 6: Same as Fig. 5 but with temperature as contour lines.  
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Fig. 7: Same as Fig. 5 but with sensible heat flux as contour lines.  
 
Finally, Figure 7 illustrates the conditionally averaged sensible heat flux for the same time-height cross-sections. 
Highest fluxes occur during ejections, and again - in agreement with the classical quadrant measure ∆S0 -  ejec-
tions are more important higher up, while sweeps dominate the exchange closer to the roofs. 
 
4. SUMMARY 
 
The presented approach analyzed turbulence data from an urban roughness layer in order to identify coherent 
structures. Classical level-individual quadrant-measures indicate that turbulent exchange of momentum and sen-
sible heat is sweep-dominated in large parts of the urban canopy and close to the roofs. Only in the highest 
measurement levels, ejections dominate exchange. The wavelet-based detection further allowed reconstructing 
time-height cross-sections of paired events, namely sweeps followed by ejections (Type A) and ejections followed 
by sweeps (Type B) occurring at several levels simultaneously.  
 
 
References 
Christen A., 2005. Atmospheric Turbulence and Surface Energy Exchange in Urban Environments – Results from 

the Basel Urban Boundary Layer Experiment (BUBBLE). Stratus 11, ISBN-3-85977-266-X (available online at 
http://pages.unibas.ch/geo/mcr/Crew/AC/pdfs/diss.pdf) 

Feigenwinter, C., Vogt, R., 2005. Detection and analysis of coherent structures in urban turbulence. Theor. Appl. 
Climatol., 81 , 219-230. 

Finnigan, J.J. 2000. Turbulence in plant canopies. Annu. Rev. Fluid Mech., 22 , 519-557. 
Kanda, M., Moriwaki, R., Kasamatsu, F. 2004. Large-eddy simulation of turbulent organized structures within and 

above explicitly resolved cube arrays. Bound.-Lay. Meteorol., 112 , 343-368. 
Raupach, M.R., Coppin, P. A., Legg, B.J., 1986. Experiments on scalar dispersion within a model-plant canopy. I. 

The turbulence structure. Bound.-Lay. Meteorol., 35 , 21-52. 
Rotach, M.W., Vogt, R., Bernhofer, C., Batchvarova, E., Christen, A., Clappier, A., Feddersen, B., Gryning, S.E., 

Martucci, G., Mayer, H., Mitev, V., Oke, T.R., Parlow, E., Richner, H., Roth, M., Roulet, Y.A., Ruffieux, D., 
Salmond, J., Schatzmann, M., Voogt, J., 2005. BUBBLE - An urban boundary layer meteorology project. 
Theor. Appl. Climatol., 81 , 231-261. 

Salmond, J.A., Oke, T.R., Grimmond, C.S.B., Roberts, S., Offerle, B.  2005. Venting of heat and carbon dioxide 
from urban canyons at night. J. Appl. Meteorol., 44 , 1180-1193. 

 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

167



*Corresponding Author. David Hamlyn, CFD Lab, Dept. of Engineering, Trumpington St., Cambridge, CB2 1PZ, UK 
 email: dpdh2@eng.cam.ac.uk 

INVESTIGATION OF FLOW PATTERNS AND CANOPY-TOP EXCHA NGES IN 
URBAN-LIKE ROUGHNESS ARRAYS – A COMBINED APPROACH U SING 

LASER DOPPLER VELOCIMETRY, QUALITATIVE FLOW VISUALI SATION AND 
COMPUTATIONAL FLUID DYNAMICS 

David Hamlyn*, Rex Britter*, Trevor Hilderman** 
*Cambridge University, Cambridge, UK; **Coanda R&D Corporation, Burnaby, BC, Canada 

 
 
Abstract 
 
Flow around simple obstacle arrays of cuboidal obstacles at various packing densities was examined using CFD, 
flow visualization and LDV measurements. The combined set of results were examined and used to obtain a 
clearer picture both of the time-averaged features of the flow and the nature of its unsteadiness. Both the flow 
within the canopy and the rooftop level flow were examined in detail, and the linkages between these were noted. 
This provided information about how the canopy-top exchange processes were affected by obstacle density, and 
what this means for the mechanisms of exchange of mass, momentum or heat energy at the urban canopy-top. 
 
Key words:  Obstacle Arrays, In-Canopy Flow, Canopy-Top Exchange, Turbulence Characteristics, CFD, Flow 
Visualisation, Laser Doppler Velocimetry. 
 
 
1. INTRODUCTION  
 
In a continuing investigation into the important flow structures and canopy-top exchange in networks of short 
streets, investigation of flow and exchange in various cube arrays was carried out. Cube arrays were chosen as 
there is some existing knowledge about this type of geometry, and they might be viewed as an approximation to 
urban geometries with short streets. From analysis of digital elevation maps, this type of geometry is not dissimilar 
in terms of plan area density to many central urban areas, though the frontal area density is somewhat over-
estimated. While the archetypal long street canyon clearly exists in many cities, it can be argued that real urban 
geometries often exhibit characteristics somewhere between these two models. 
 
In an attempt to combine the best aspects of various methods of examining these flows, the flow around several 
arrays has been observed using Computational Fluid Dynamics (CFD), flow visualization experiments and Laser 
Doppler Velocimetry (LDV) techniques. The experiments were carried out using the water channel at Coanda 
R&D Corporation (CRDC), configured with a simulated atmospheric boundary layer. The channel has a test 
section 1.0m deep by 1.5m wide by 10m long, with glass sides and bottom for clear visibility, and is described 
more fully by Hilderman and Chong (2004). The focus of this paper is to highlight the links between the results of 
the various methods used to characterize the flows. 
 
2. METHODOLOGY 
 
Cube arrays of plan area densities, λp=0.0625, 0.16 and 0.44 were simulated using CFD. The CFD was high-
resolution, steady-state RANS with a 7-equation Reynolds Stress turbulence modelling, carried out using Fluent. 
The set-up of the CFD is described more fully in Hamlyn and Britter (2005). Symmetry conditions were used to 
reduce the mesh required, so simplifying the cube arrays to one or two columns of 10-20 half-cubes. The CFD 
results were used to generate views of the time-averaged flow patterns within the arrays, by release of massless 
particles into the flow from building surfaces.  
 
Flow visualization experiments were carried out by releasing a UV dye from locations well within large arrays of 
obstacles within the channel. Ambient light was excluded from the channel area and the flow was filmed under UV 
light in which the dye fluoresces. The flow visualization work done included videoing of the flows in the same 
three array densities as the CFD, and other arrays and geometries including the archetypal street canyon. The 
main modes of flow instability were observed and the morphology of recirculatory flow features described. To 
compare these to the CFD-generated flow features, an image-averaging program was developed to display the 
mean dye intensity over the 300s of video in each experiment.  
 
Finally, as the canopy-top region is critical to the escape of pollutants and heat from the urban canopy to the air 
outside, visualizations were examined for any clear evidence of coherent structures at the canopy top, or areas of 
clear inflow or outflow of dye. This was also done for the street canyon case, where the visualization is not 
complicated by three-dimensionality as for the cube arrays. LDV experiments were set up to investigate the flow 
at the canopy top, by taking measurements in the x-z (downstream-vertical) plane at evenly-spaced locations at 
the top of a unit cell of the array geometry. All such measurements were carried out well within the flow array so 
that the flow had had time to adapt to the presence of the obstacles. 
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LDV measurements (simulataneously) of time series of u and w velocities (downstream and vertical) were taken 
at the top of the array (z=H). A 500s time series for each array at a large number (from 40 to 96, depending on 
array spacing) of positions within a repeat unit of geometry. From this, maps of turbulent shear stress and vertical 
velocity were made, which help to characterize the nature and size of the mass or momentum exchange at the 
canopy top. In addition, quadrant analysis was carried out on these data, and maps of time and stress fractions 
with various hyperbolic hole sizes could be plotted. 
  
3. RESULTS, AND INTERCOMPARISON BETWEEN INVESTIGATIVE METHODS  
 
The flow patterns observed from CFD were found to vary with obstacle packing density, and to consist of large 
recirculatory structures behind obstacles. These structures originated both from the separation of the flow off the 
top surface of the upstream cube, and (unlike in street canyons) from the flow separation off the sides of the 
upstream cube. These were however time-averaged images from a half-domain, and thus flow visualisation 
experiments were carried out to observe how appropriate these approximations are. Here we will focus on a 
single packing density to illustrate the comparisons made between the experiment and CFD. 
 
In the CFD, the λp=0.16 array exhibited dual vortical flow features with vertical axis vortices behind the upstream 
cube and a horizontal axis vortex from separation off the top of the upstream obstacle (shown in Figure 1). Figure 
2 shows a time-averaged image (contrast adjusted to highlight areas of highest dye concentration) suggesting 
that even though the flow is highly unsteady, the recirculation structures suggested do in fact occur in the time-
average. Figure 3 shows instantaneous images where some recirculation structure was visible in the experiments. 
 
 

 
 
 
 
 
 
 
 
 
 
 
Compared to the simple canyon case, the three-dimensional cube array geometries exhibited much more flow 
unsteadiness. In particular, this became increasingly evident at high packing densities where the flow in the 
sheltered region became much more chaotic (although mean flow patterns could still be observed). At λp=0.44, 
the flow exhibited occasional large lateral (and even upstream) gusting, as shown in Figure 4 (same source 
location in each image). This appeared to be as the result of occasional breakdown and reformation of a shear 
layer separating the sheltered region from the channeled flow region. In contrast, in the 2-D canyon, a clear street 
canyon recirculation was visible at every instant that closely resembled the time-averaged recirculation formation. 
 

 
 

Figure 4: Instantaneous images of the λp=0.44 array, showing shear layer blocking and upstream gusting. 
 
From LDV, the velocities and turbulence characteristics of the canopy-top region were compared with the flow 
visualization and CFD results there, as shown in Figure 5 for the λp = 0.16 array. 
  
 

Source 
position 

Figure 1 (left): CFD flow patterns in a half-
canyon (viewed from channel). 
 

Figure 2 (right): Time-averaged dye 
intensity from source in side of upstream 
obstacle, showing “side recirculation”. 
 

Figure 3 (below): Instantaneous images 
suggesting presence of both vertical and 
horizontal axis recirculations. Source in 
building side in a), canyon centre in b),c). 
 

 Source 
 location 

    

  

b) c) a) 
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Figure 5: Maps of the u velocity (Figure 5a) - left), w velocity (Figure 5b) - centre) and turbulent shear stress, ''wu  
(Figure 5c) - right) at the canopy top (z=H, where H is the cube height) region of the λp=0.16 array (SI units used). 
 
Figure 5a (longitudinal velocity) shows the channeling effect, and retardation of the flow at the top of the sheltered 
region. Figure 5b shows a small vertical velocity exists at the rooftop height, which consists of an inflow 
throughout much of the sheltered region. This mean w velocity is around one-tenth of the u velocity in this region. 
This inflow corresponds in position to that predicted by the CFD in Figure 1. There was also an inflow throughout 
most of the top of the channel. There was a predictable strong outflow close to the downstream end of the 
sheltered region due to streamlines being deflected upwards over the downstream obstacle, or upwards and 
outwards around its downstream corner. What was more surprising was that there appeared a weak outflow all 
the way along the sides of the obstacles and across the boundary between sheltered region and channel. The 
Reynolds stress plot (Figure 5c) showed that there is a downwards turbulent momentum transport throughout the 
canopy-top region, but that it is much stronger within the sheltered region, due to the presence of a shear layer 
across the large vertical velocity gradient that exists there. It is however interesting that the strongest shear at 
z=H is towards the center and rear of the sheltered region, rather than close to the upstream obstacle.  
 
Taking this work further, quadrant analysis was carried out on the turbulence at each measured point at each 
canopy top. Time and stress fractions were calculated from the raw data, and with a hyperbolic hole filter (e.g. 
Raupach, 1981) of various hole sizes P, including P=2.5. This removes all but the stronger coherent turbulent 
events. The quadrants divide the time series data into intervals in which the turbulence is either u’>0, w’>0 
(Quadrant 1 – Outward Interaction), u’<0, w’>0 (Quadrant 2 – Ejection), u’<0, w’<0 (Quadrant 3 – Inward 
Interaction) or u’>0, w’<0 (Quadrant 4 – Sweep). The averaged time and stress fractions for the arrays considered 
are shown in Tables 1 and 2 respectively.  
 

 Time fractions at P=0 Percentage reduction in time fr actions on applying P=2.5 filter  (%) 
Array, λλλλp Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 
0.0625 16.1 35.7 20.8 27.4 87 66 84 72 
0.16 15.1 37.4 21.3 26.2 86 66 84 72 
0.44 13.1 38.0 18.6 30.3 94 68 95 81 

 

 Stress proportions at P=0 Percentage reduction in stress proportions on applyi ng P=2.5 
filter (%) 

Array, λλλλp Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 
0.0625 -0.19 0.87 -0.27 0.59 52 24 46 31 
0.16 -0.21 0.92 -0.29 0.59 40 24 43 26 
0.44 -0.11 0.79 -0.13 0.45 64 29 74 43 

 

Table 1 (top) and Table 2 (bottom): Time fractions and stress proportions by quadrant for the spatial average of 
the canopy-top measurements (inwards momentum transport positive for stress proportions). 
 
These tables show a dominance by sweep and ejection events over inward and outward interactions, as expected 
(net momentum transport is into the canopy). In the two lower-density arrays, the time and stress proportions are 
very similar (as are the changes when the filter is applied). The ejections seem to be around 1.5 times more 
important than the sweeps for stress transport at z=H for these arrays. At λp=0.44, this factor is increased, but the 
other stress proportions also alter. The reason for this appears to be that the top of the canopy is more 
homogeneous in this geometry. Looking at contour maps of the time and stress proportions in the three arrays, 
clear differences are visible between the “canyon-top” area and the channel top area. Figure 6 shows this for 
quadrant 2 (ejection) time proportions in the λp=0.16 array. In the dense array, these differences are less distinct. 
The differences manifest themselves as smaller stress proportions in all quadrants, with an increased ratio of the 
stress proportions corresponding to momentum transport into the canopy to those corresponding to outwards 
momentum flux. This is expected when the gradient of velocity at the canopy top is increased, as would occur in 
the presence of a well-defined shear layer. Also instructive is that when applying the hyperbolic hole filter at 

Flow direction  
shown by 
arrows 
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P=2.5, the percentage reductions in stress transport proportions are similar for the λp=0.0625 and λp=0.16 arrays, 
but larger for the λp=0.44 array. This suggests that the relative importance of particularly large coherent 
turbulence events as opposed to smaller ones may be less for the densest array than for the other cases. Thus 
the increased spatial homogeneity of turbulence in this dense array also seems to extend to an overall increased 
homogeneity of the magnitudes of turbulent events. 
 
It was attempted to use the visualizations to try to identify coherent structures at the canopy top, but this was 
made difficult by the three-dimensional unsteadiness of the flow. Although the geometry differs substantially, it 
was felt instructive to use the flow visualization to try to identify such events in a 2-D canyon case. Figure 7 shows 
a sequence of frames where the approximate boundary between “clean” fluid above the canyon and dyed fluid 
within it has been sketched by hand in each frame. In these images the canyon is of aspect ratio one with the 
source located at the canyon centre. The movement of this boundary reveals a sweep event that is closely 
followed by an ejection event. It was also found that these sequences had some tendency to occur at 
approximately 40-frame intervals, approximately the time required for a parcel of fluid to traverse the canyon 
along the recirculation. This may suggest that the perturbation caused to the recirculating flow from the injection 
of higher-momentum fluid in the sweep may leads to a self-perpetuating sequence of sweep-ejection cycles at the 
canyon top once this higher-momentum fluid parcel is transported around the recirculation. However, as the flow 
patterns are very different in fully three-dimensional geometries, it is by no means clear whether similar effects 
may be observed in those cases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. CONCLUSIONS 
 
The use of CFD along with both qualitative and quantitative experimental techniques helps reveal the important 
aspects of the flow among obstacle arrays, which are characteristically highly unsteady in nature. The CFD 
predicted well the main features of the time-averaged flow, providing useful knowledge for creating simple flow 
models. The flow visualization was capable both of verifying the CFD predictions and bringing attention to the 
extent, and modes of unsteadiness. These can be related to canopy top measurements showing the magnitude 
and nature of the influxes and effluxes of momentum from the canopy. Time series LDV measurements also 
provide details of how the turbulent transfer at the canopy top occurs, and how it varies spatially. This provides 
information for appropriate parameterisation of the canopy-top exchange, which is essential to understanding the 
removal of pollutant or heat from an urban area, as well as the urban force-momentum balance. 
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Figure 6 (above): Spatial distribution of time fractions 
(as percentages) taken up by quadrant 2 (ejection) 
events in the λp=0.16 array. 
 
Figure 7 (right): Frame sequence (at 30 frames per 
second) showing a sequence of canopy-top sweeps 
and ejections in a 2-D canyon. 
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Abstract 
 
We investigated the coherent structure of turbulence in the outdoor urban scale model experiment. The 
measurement was conducted by using 16 sonic anemometers which were aligned vertically or horizontally to 
assess the spatial distribution of turbulence. As a result, low speed streaks (LST) were observed. LST over the 
horizontal cross section at the twice height of the building block (3m) were presented. Quadrant analysis was 
applied to examine the coherent turbulence quantitatively. The coherent turbulence accounted for about 70% of 
net vertical momentum flux. Furthermore, stability effect on the coherent structure was evaluated.  
 
Key words:  turbulent organized structure, outdoor urban scale model, low speed streaks 
 
 
1. INTRODUCTION  
 
It is well known that the turbulence activity in near surface layer is intermittent which is associated with the 
organized motion of turbulence. Turbulent organized structure has been investigated precisely in some wind 
tunnel experiments or numerical simulations. One typical structure is low speed streaks over rough walls (e. g. 
Adrian et al. 2000), the other structure is roller vortices over vegetation canopy (e. g. Finnigan 2000). These 
structures depend on the geometrical characteristics of roughness.  

The organized turbulence has also been investigated in urban field observations (e. g. Oikawa and Meng 1995, 
Roth 2000, Moriwaki and Kanda 2005). These studies revealed that the organized structure of turbulence plays 
an important role in the turbulent transport process in urban region. However, those studies were conducted only 
in one-dimensionally vertical extent and there is seldom information about its horizontal extent. Therefore, it is 
still under discussion what kind of the structure develops over the urban geometry.  

In the present study, we attempted qualitative and quantitative examinations of the coherent turbulence over an 
outdoor urban scale model site. Particularly, 
horizontal distribution and stability effect on the 
structure were focused on.  
 
2. EXPERIMENTAL SETUP  
 
Fig. 1 shows the schematic of the experimental 
site of a comprehensive outdoor scale model 
experiment for urban climate (COSMO). This 
urban scale model was composed of a flat 
concrete plate and concrete cubes. The 
horizontal extent of the plate was 50m by 100m. 
The concrete cubes, which was 1.5m (=H) on a 
side, is arranged normally on the plate. The 
building area density was 0.25.  

Turbulence statistics were measured by 
using two kinds of 3d-ultrasonic anemometer 
thermometers; one is KAIJO DA600 (TR-
90AH) which has 5 cm probe path and 50Hz 
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sampling rate. The other is YOUNG MODEL81000 which has 15cm probe path and 20Hz sampling rate.  
A number of the sonic anemometers were aligned horizontally or vertically over the site to detect the spatial 

distribution of the coherent turbulence. The measurement of the vertical distribution was conducted with setting 5 
KAIJO sonic anemometers on a center tower at 5 levels (4H, 3H, 2H, 1.5H, H) as shown in Fig.2. In another term, 
totally 16 sonic anemometers (8 KAIJO and 8 YOUNG) were aligned on a 21m (14H) horizontal line at a height of 
2H (Fig. 3) to detect the horizontal distribution.   
 
3. ANALYTICAL BASIS 
 
3.1. Taylor’s frozen hypothesis 
 
Taylor’s frozen hypothesis was applied to obtain the horizontally two dimensional distribution of turbulence. The 
hypothesis allows converting the time duration into the spatial distance along the stream wise direction. The 
turbulent intensity should be less than 0.5 when this frozen hypothesis is satisfied. Fig. 4 shows the vertical 
distribution of the turbulent intensity. The criterion was satisfied above 1.5H in this scale model site. Therefore, we 
used this hypothesis to understand the horizontal distribution of turbulent structure at 2H. (Fig. 7, 8) 
 
3.2. Quadrant analysis 
 

The quadrant analysis was conducted to examine the quantitative 
characteristics of coherent turbulence. Instantaneous vertical 
momentum transfer is classified into four quadrants based on the 
combination of sign of u and w fluctuations (Fig. 5). The weak events 
are excluded from any quadrants. The excluded region is defined by 
using the hole size Hs ,  

|''||''| wuHswu < .  (1) 

Particularly, second and fourth quadrants are important because 
those cause the downward momentum flux. The second quadrant is 
called ejection which is associated with the updraft of lower low-speed 
air mass. The fourth quadrant is called sweep which is the downdraft 
of upper high-speed air mass.  
 

3.3. Atmospheric stability 
 
One of the major interests of the present study is the effect of 
atmospheric stability on turbulent structure. The stability is expressed 
by the effective height normalized by the Obukhov length,  

'/

)'')(/('
3
* kzu

TwTg

L

z −= .  (2) 

This value at 2H was used as the representative value, where is within 
the inertial layer of the present experimental site (expected from Fig. 6).  

For the analysis of the vertical profile, 30 minutes averaged variables 
were classified into three stability categories; unstable ( 075.0/' −<Lz ), 
neutral ( 075.0/'075.0 <<− Lz ), and stable ( Lz /'075.0 < ). It is fact that 
most of the data presented here were measured in near neutral 
stratification. After the classification, ensemble average was done in 
each class (Fig. 6, 10, 11).  
 
3.4. Internal boundary layer height 
 
Fig.6 shows the vertical profile of normalized 
horizontal mean wind and friction velocity after 
ensemble average in different stabilities.  

Using these statistics, we can decide the 
vertical extent of the inertial layer. Within the 
inertial layer, the vertical variation of the friction 
velocity should be less than 10% of the mean 
value for practical reason. From the vertical 
profile shown in Fig.6, the height from 1.5H to 3H 
satisfies the criterion. Thus we determine that the 
height from 1.5H to 3H is within the inertial layer 
of this scale model site. 

Fig.5 Longitudinal and vertical 
velocity fluctuation domain 

Fig.4 Vertical distribution of 
turbulent intensity 

Fig.6 Vertical profiles of mean velocity and momentum flux 
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   Considering the stability effect, these vertical profiles clearly 
show the dependency of the stability as well known. For example, 
the gradient of horizontal mean wind decreases and the 
momentum flux increases as the atmospheric stability becomes 
unstable due to the active vertical mixing.  
 
4. RESULTS 
 
4.1. Horizontal distribution of turbulent organized  structure  
 
For the analysis of the horizontal distribution of the coherent 
turbulence, we extracted specific one minute in which the tilt angle 
of the horizontal mean wind direction to the perpendicular to the 
row of the instruments (Fig.3) becomes minimum. In the specified 
duration, the mean wind speed was 2.24 m s-1 and the tilt angle 
was 2.0 degree horizontally. The coherent turbulence was investigated from the horizontal distribution of the 
fluctuating u and w. These fluctuating parts were calculated by subtracting the individual temporal mean value 
from the raw signals.  

  Fig.7 is the result. It is found in the distribution of fluctuating u that low speed region organize a streaky pattern 
along the stream wise direction. The structure is similar to the LST over the rough wall observed in wind tunnel 
experiments or numerical simulations. However, the scale is much larger than them; the scale is about 10m (6H) 
in span wise direction and more than 100m in the stream wise direction.  

Comparing the fluctuating u with the fluctuating w in a same horizontal cross section, we can see that the 
updrafts tend to occur in low speed streaks, which causes ejection. Fig.8 shows the horizontal distribution of the 
momentum transfer which is separated into three colors based on the quadrant classification. Sweep occurs on 
the white part and ejection occurs on the black part. Weaker events or the other quadrants occur in the remaining 
gray region. As expected, the low speed streak is composed of the succeeded ejection events. The sweep is not 
in the streak but it also occurs in relatively large coherent motion (from 45sec to 50sec in Fig.8).  

Fig.8 An example of time-span wise distribution of instantaneous momentum transport 
(Ejections occur in black part, sweeps occur in white part. Only relatively strong events ( 2>Hs ) are drawn) 

Fig.7 An example of the time-span wise distributions of fluctuating u and w 
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  The gray region is much larger than the 
black or white region. Fig.9 shows the stress 
and time fractions of the sweep and ejection 
for different hole sizes. The hole size was 
2.0 to draw Fig.8. Then, the time fractions of 
sweep and ejection are only 12% 
respectively. This result coincides with the 
very narrow region of the sweep and ejection 
in Fig.8. Despite of the rare events, the 
stress fractions of sweep and ejection in hall size 2.0 account for about 70% of the net momentum fluxes (Fig.9).  
 
4.2. Stability effect on the coherent turbulence  
 
As shown in Fig. 6 the turbulence statistics are influenced by the atmospheric stabilities so that the coherent 
turbulence structure is also expected to be modified by the stability change. Now we show the ratio of the stress 
fraction of ejection to that of sweep S2/S4 for different stabilities (Fig. 10). Assuming that the ejection (S2) 
represents the low speed streaks and the sweep (S4) represents the strong gust, the change of this ratio (S2/S4) 
implies the modification of quantitative characteristics of coherent turbulence.  

Although sweep is dominant at the most heights and stabilities, the contribution of ejection increases as the 
stability becomes unstable. For more detail evaluation of the stability effect, Fig. 11 shows the stress and time 
fractions of ejection S2, T2 and those of sweep S4, T4 each. The effect of the change of the stability was not 
clearly appeared in both stress and time fractions of the ejection, but in those of sweep. As the stability becomes 
unstable, the stress fraction of the sweep decreases, whereas, its time fraction increases. We can guess that the 
gust evens occur frequently but the individual strength are weak under unstable stratification.  
 
4. CONCLUSION 
 
The following two are the main conclusions of the present study. 1) low speed steak patterns were observed over 
the outdoor urban scale model site. The scale is about 10m in the span wise direction and more than 100m along 
the stream wise direction. This coherent turbulence causes a major part of the vertical moment flux. 2) The ratio 
of the fraction of sweep and ejection changes with different stability. Particularly, the fraction of the sweep is 
systematically changed with the change of the atmospheric stabilities. The stress fraction of sweep decreases as 
the stability becomes unstable whereas its time fraction decreases.  
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Fig.10 Relative contribution of the stress 
fraction of ejection to that of sweep 

Fig.11 Vertical distributions of stress and time fraction of 
sweep (right) and ejection (left) for different stabilities 
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Abstract 
 
The diffusion properties are strongly affected by thermal stratification in atmosphere. A lot of field observations 

about the relationship between diffusion properties and thermal stratification in the boundary layer have been 
conducted. Many researchers have developed diffusion models based on the result of above observations. 
However the results of the field observations may include significant uncertainty. Therefore, highly accurate 
experiments in the laboratory are required. The authors have conducted wind tunnel experiment and CFD for heat 
and momentum flux properties under various thermal stratification conditions in the urban boundary layer. 
Furthermore, the authors have compared results of CFD with results of the wind tunnel experiment as to heat and 
momentum flux properties in urban boundary layer. 
 
Key words: urban boundary layer, heat flux, wind tunnel experiment 
 
 
1. INTRODUCTION 
The diffusion properties are strongly affected by thermal stratification in atmosphere. A lot of field observations 
about the relationship between diffusion properties and thermal stratification in the boundary layer have been 
conducted [1] [2]. Many researchers have developed diffusion models based on the result of above observations. 
However the results of the field observations may include significant uncertainty. Conversely, wind tunnel 
experiments are considered effective, because they enable a systematic setting of parameters. Accordingly, in 
this study, in order to comprehend the heat and momentum properties in the urban boundary layer, the authors 
have carried out wind tunnel experiments under various atmospheric stability conditions. Furthermore, numerical 
simulation based on the standard k-ε model is conducted under the same flow and temperature field of the 
experiment. Moreover, the prediction accuracy of k-ε model is estimated. 
 
2. OUTLINE OF WIND TUNNEL EXPERIMENT 
2.1 The experimental setting 
 

 
 
 
 
 
 
 
 
 
 
 
 
In this study, the atmospheric diffusion wind tunnel at Institute of Industrial Science, the University of Tokyo was 
used. Neutral, stable and unstable airflow characteristics were created. 
Fig. 1 is a schematic view of the experimental setting. Arrangements of roughness and heating/cooling panels to 
simulate a boundary layer were indicated in Fig. 1. 17 rows of roughness, angles of height 15 mm and width 1.5 
mm, were placed at 800-mm intervals. The flow field was measured using a three-dimensional Laser Doppler 
Velocimeter (hereafter LDV), and the temperature field was measured with a 25-micron K thermocouple 
(alumel/chromel). Oil mist was used as the seeding material for the LDV measurement.  
 
2.2 The experiments and measurement items 
Table. 1 shows the different experimental cases. In this study, the turbulent statistic quantities in the boundary 
layer were measured under three atmospheric conditions (neutral, stable and unstable). The turbulent statistic 
quantities observed here were the time-averaged velocity, the time-averaged temperature, the turbulent kinetic 

Atmospheric condition Inlet air temperature. Panel  temperature. Bulk Richardson Number 
Neutral 20 °C 20 °C 0 
Stable 50 °C 20 °C 0.24 

unstable 10 °C 60 °C - 0.41 

Table.1 The Experimental Cases ( The Computational Cases) 

Fig.1 Schematic of the Experimental Setting 
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energy, the Reynolds shear stress, and the turbulent heat flux. The averaging time in order to obtain these 
statistical quantities was 180 seconds in this experiment. The temperature signal was amplified 1,000-fold, 
synchronized with an LDV burst signal, and sampled. The sampling rate changed in accordance with the seeding 
status. Vertical profiles of the turbulent statistical quantities mentioned above were observed at 4 locations along 
the x axis (x = 3,960. 5,570. 7,160. 8,750 mm), and at 41 points in the vertical direction, at 5 mm and from 10 mm 
to 400 mm at 10 mm intervals. The experimental method was referred previous study [3].     
 
3. OUTLINE OF NUMERICAL SIMULATION 
3.1 Model equations and numerical methods 
The standard formulation of the k-ε model was used to analyze the wind tunnel domain shown in Fig. 2 with 
staggered grid system. For more details about the standard k-ε model and its equations, see reference [4]. For 
the momentum equation, the first-order upwind difference scheme was adopted for convective terms and central 
difference scheme for the other spatial derivative. For the transport equation of the scalar quantities (k, ε, and T), 
the first-order upwind difference scheme was also applied for the convection terms. 
 
3.2 Mesh arrangement and boundary conditions 

 

 
 
 
 
 
 
 
 
For all cases, the values of the Re and Rb were set equal to those of the wind tunnel experiment. The 
computational domain covered 16.47 m (x direction), 1.8 m (y direction) and 1.8 m (z direction).This domain was 
divided into 96 (x) × 31 (y) × 29 (z) meshes. The mesh interval adjacent to the solid wall was 0.01 m. For the wall 
boundary condition, the Z0 -type logarithmic law was employed in order to estimate the mean shear stress and 
heat flux on the floor surface. Here, Z0 is assumed to be 7.5 × 10-4 m for both momentum and temperature 
boundary conditions. For the inlet boundary conditions, a uniform wind velocity profile is assumed with an average 
wind velocity of 1.2 m/s. More details about the test conditions and boundary conditions are shown in Table 2. 
 
4. RESULTS AND DISCUSSION 
4.1. Measurement results 
The measurement results described here were normalized to a representative height Zδ (= 400 mm), which 
closely corresponds to the boundary layer height at x = 8,750 in the neutral case, the mean wind velocity Uδ, the 
mean airflow temperature Tδ, and the mean floor temperature Ts in the wind tunnel. Here, the reference wind 
velocity Uδ and the reference airflow temperature Tδ were set to the values at Z = 400 mm respectively. 
Furthermore, the reliability of the averaging time of 180 seconds to obtain turbulent statistics was examined as 
follows. T tests were conducted on data measured for 30 minutes under the same measurement condition. With 
an averaging time of 180 seconds, T values for the Reynolds stress and heat flux were within a confidence 
interval of 90%. Therefore, it was considered that an averaging time of 180 seconds was sufficient to obtain 
reliable statistical data. 
 
4.2. Distribution of mean wind velocity      (Fig. 3) 
4.2.1 Measurement results 
In all cases, the boundary layer gradually developed from x = 3,960 to x = 8,750. On the heating/cooling panel, 
the boundary layer height in stable case was highest of all three cases while that of unstable case was lowest. In 
unstable case, the vertical mixture of momentum was very active, and the boundary layer height was lower than 
those of the other two cases. 
4.2.2 Comparison between the Simulation results and the Experimental results 
The values given by the k-ε model agree fairly well with those given by the wind tunnel experiment in the neutral 
conditions. However, the values of the mean wind velocity are larger in the upstream region (x < 5570 mm) in the 
stable case and smaller in the downstream region (x > 5570 mm) in the unstable case. The under/overestimation 

Boundary Momentum Turbulent Energy Temperature 
Upper boundary u, v free slip   w = 0 Free slip Adiabatic 
Side boundary u,  w free slip  v = 0 Free slip Adiabatic 

turbulent Intensity: 3% Inflow boundary Uniform wind profile turbulent length scale: 0.18 m Fixed temperature 

Outflow boundary Free slip Free slip Free slip 

Floor surface boundary Z0-type log law Roughness height 
(7.5x10-4m) Free slip Z0-type log law Roughness height 

(7.5x10-4m) 
Algorism SIMPLE method 

Table.2  Computation and Boundary Conditions 
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Fig.2  Model Flowfield of Urban Boundary Layer 
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of the simulation may be attributed to the improper estimation of the mixing effect due to the concept of the eddy 
viscosity model. 
 
4.3. Distribution of mean temperature       (Fig. 4) 
4.3.1 Measurement results 
In unstable case, the temperature gradient near the floor was large, and the temperature became nearly constant 
above Z/Zδ = 0.4. Additionally, in unstable case, vertical mixing was more active than that of stable case, and the 
temperature difference between the air adjacent to the floor and the floor itself was also larger. 
4.3.2 Comparison between the Simulation results and the Experimental results 
The results of the simulation shows fairly good agreement with the experiment in the unstable case, on the other 
hand, the mean temperature is greatly overestimated compared with the experiment in the area near the wall in 
the stable case, Fig. 4. The mechanism which makes the differences is discussed in section 4.6. 
 
4.4. Distribution of turbulent kinetic energy     k          (Fig. 5) 
4.4.1 Measurement results 
In all cases, turbulent kinetic energy increased from x = 3,960 to x = 8,750. Overall, turbulent kinetic energy was 
lowest in stable case, and highest in unstable case. 
4.4.2 Comparison between the Simulation results and the Experimental results 
Although the simulation profiles of k have the same trend as those of the wind tunnel experiment, in the neutral 
and unstable cases there are some discrepancies especially near the wall. The values of k were lowest in stable 
case, and highest in unstable case, similar to experimental results. 
 
4.5. Distribution of Reynolds stress                                 (Fig. 6) 
4.5.1 Measurement results 
The values of Reynolds stress               in stable case were much smaller than those in neutral and unstable 
cases from x = 3,960 to x = 8,750. The value of                in unstable case was the largest of all three cases. 
Overall, the peak values for        in unstable case were about 0.004. The thickness of constant flux layer 
became larger as one headed downstream. This thickness corresponded to the boundary layer height.  
4.5.2 Comparison between the Simulation results and the Experimental results 
It is clear that there is an overestimation of the values of the Reynolds stress     compared to the 
experimental results near the ground. All the profiles of       reflect the inaccurate predictions denoted in 
the k profiles and hence all the profiles have in common a large discrepancy due to excessive value near the wall. 
 
4.6. Distribution of heat flux                                              (Fig. 7) 
4.6.1 Measurement results 
The values of heat flux                      for stable case were much smaller than those of unstable case. In stable 
case, the peak values of                  were observed near Z/Zδ = 0.4 at x = 3,960 and x = 5,570. This is 
considered to result from the fact that one of the production terms in the     transport equation (    ) became                 
enlarged due to large temperature gradient here as shown in Fig. 4. However,           gradually became 
small. Meanwhile, in unstable case             gradually increased from x = 3,960 to x = 8,750. In unstable 
case, the thickness of the large        values became larger as one headed downstream.  
4.6.2 Comparison between the Simulation results and the Experimental results 
It is obvious that the heat flux                         of the simulation is greatly overestimated in the area near the ground 
compared with that of the experiment. The mechanism of the differences between the simulation and the 
experimental data is caused due to ignore the buoyancy term in real      transport equation. Also, the 
overestimation of k near the ground gives a rise to the large eddy viscosity νt and thereby the large mixing effect 
produces a high value of heat flux.  
 
5. CONCLUSIONS 
 In this paper, we have presented numerical simulation for an urban boundary layer using the k-ε model, including 
comparison with wind tunnel experiment. Generally, the flow patterns can be predicted by the k-ε with certain 
accuracy. However, there are some disagreements in some other turbulence quantities. 
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Abstract 
 
The airflow pattern in a street canyon and the influence of atmospheric stability to the flow were clarified by an 
intensive observation in suburban Tokyo. Sonic anemometers and thermometers measured the airflow and 
temperature distribution on a N-S vertical cross section in the E-W oriented canyon. Canyon-scale single vortex 
was frequently seen on the measured cross section. The vertical vorticity clearly depends on the wind speed and 
direction at 1.8H. When the atmosphere was stable, the vorticity was less than those in neutral or unstable cases. 
The turbulent intensity above the canyon and the thermal contrast of sun-shade intensify the canyon vortex. 
 
Key words: urban canyon, vortex, atmospheric stability 
 
 
1. INTRODUCTION  
 
Airflow in the building canyon is affected by the wind direction above canyon (Eliasson et al, 2006), building 
structure (Baik and Kim, 1999), atmospheric stability and so on. As for the atmospheric stability, some wind-tunnel 
experiments (e.g. Uehara et al., 2000) and numerical simulations (e.g. Kim and Baik, 1999) clarified the thermal 
effects on the canyon airflow. However, few study revealed it in the field observation. In this study, the influence of 
atmospheric stability on the canyon airflow is clarified through an in an intensive observation in suburban Tokyo.  
 
2. OBSERVATION   
 
Observation was made in the east-west oriented canyon, whose ratio of height over street width was 0.56. The 
building height H was 11 m and buildings of similar size spread over around the observation site. The observed 
site was located in an abandoned residential area, thus there was no anthropogenic heat release. The canyon 
bottom of the observation site was courtyard covered with bare soil and short grass, and there is no car traffic 
there. 

3-D wind speed and temperature distribution was measured on the cross section along the north-south 
direction, i.e. perpendicular to the canyon. Figure 1 and 2 shows the site location and position of sensors on the 
cross section. 13 sonic anemometers were set almost in grid position in the canyon and one sonic anemometer 
measured an above canyon wind at 1.8H. All sonic anemometers measured at 10 Hz intervals.  

Total 34 thermocouples with forced-ventilation radiation shield were set up in a grid position inside 
canyon. The measurement interval was 2 second. The downward radiations of shortwave and longwave were 
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measured at the building roof. The upward radiations were measured at the canyon top. Air temperature profile 
above the canopy up to 600m was measured by a 60.4 GHz scanning radiometer. 
 The measurement was made from September to December in 2004. Data from 15 fine days were 
analyzed. The shade occupies more than half of canopy bottom floor even at noon during the IOP. The most 
frequent wind direction was north, perpendicular to canyon. All data were averaged for 10 minutes and used for 
the analyzed. 
 
3. WIND SPEED PROFILE IN THE CANYON 
 
Figure 3 shows the profile of scalar wind speed which is normalized 
by that at 1.8 H. The gradient Richardson number was used to 
classify the profile to each stability category and the neutral 
crassification was | Ri |< 0.1.  In the unstable condition, the wind 
speed is larger than those in the other conditions, that would be 
due to the larger momentum transport from above into the canyon. 
 
4. CANYON AIRFLOW AND TEMPERATURE DISTRIBUTION 
 
Typical distribution of airflow and air temperature is shown in Fig. 4. 
A canyon-scale vortex is generated whose direction corresponds to 
the ambient flow above the canyon. Vortexes of opposite direction 
generated between 09:00 and 12:00. In nighttime, canyon air has 
strong thermal stratification. A stable layer developed up to half of 
building height. Horizontal temperature gradient in daytime, in 
which north of canyon is warmer than that of south is due to the 
sun-shade distribution. 
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In Fig. 4, temperature contours seem to be 
curved by the flow. To examine the flow effect on the air 
temperature distribution, Fig. 5 shows the position of a 
cold air core just above the ground. The horizontal 
distance from the north-building wall is determined by 
eye on the temperature contours. The horizontal axis is 
the cross-canyon component of ambient wind at 1.8 H. 
The positive value of V1.8H corresponds to the south to 
north (right to left in Fig. 4). As the wind speed 
increases, the cold core shifts to downwind by reverse 
flow at the canyon bottom. This horizontal advection of 
air corresponds to the high concentration of vehicle 
exhausted gas at downwind sideway. 
 
5. CANYON-SCALE VORTEX 
 
5.1. VORTEX GENERATION AND ATMOSPHERIC 
STABILITY 
 
Canyon-scale single vortex was seen in the canyon. 
Multiple vortexes in the canyon (Kim and Baik, 1999; 
Eliasson et al., 2006) were not seen in a relatively wider 
canyon (H/W=0.56) and 10 minutes-averaged wind 
fields in this study. Figure 6 indicates the vorticity at the 
center of canyon on the measured cross section 
evaluated from the 12 sonics. The wind direction was 
defined as 0 degree for the cross canyon direction. The 
vorticity clearly depends on the ambient wind direction 
above the canyon, and is largest at cross canyon 
direction. When the wind direction is parallel to canyon 
(90 or 270), the vortex is not generated. 
 The vorticity depends also on the atmospheric 
stability. Figure 7 shows the relationship between the 
vorticity and the cross canyon component of wind speed 
above the canyon (1.8H). The plots are selected for the 
wind direction perpendicular to the canyon at 1.8 H.  

Plots are divided into three category of stable (Ri > 0.1), 
neutral (|Ri| < 0.1) and unstable (Ri < -0.1), where the 
Richardson number Ri is defined above the canyon. The 
results are similar when the bulk Richardson number Rb 
in the canyon is used. In the stable atmosphere, the 
vortex generation was restricted. Small difference was 
seen between the neutral and unstable case, but the 
unstable case has steeper regression line rather than 
the neutral cases.  
 
 
5.2. DEPENDENCY ON THE INFLOW TKE AND SUN-
SHADOW DISTRIBUTION 
 
Kim and Baik (2003) showed in their numerical 
simulation that the canyon vortex intensity depends on 
the inflow turbulence intensity. In our observation, 
similar result was seen in Fig. 8. The vertical axis is 
normalized by the wind-speed-fitted vorticity estimates 
in Fig. 7. The neutral cases where the bulk Richardson 
number in the canyon is between –0.1 and 0.1 were 
analyzed. The horizontal axis is the turbulent kinetic 
energy at 1.8 H normalized by the square of scalar wind 
speed. The vorticity increases as the TKE increases. A 
linear relationship can be seen however Kim and Baik 
(2003) indicates that of non-linear. 
 One more factor that would affects the vortex 
generation in the canyon is the thermal contrast 

Fig. 5 Horizontal positon of cold air core along 
the measured cross section and ambient wind 
speed. Wind speed is the horizontal component 
on the measured cross section. 
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between sun-faced wall, where the upward motion of air would be initiated, and the shadow wall, where 
downward current would. Figure 9 shows the vorticity and horizontal temperature difference between north and 
south parts of canyon. The same normalization as Fig. 8 was taken for the neutral case (|Rb| < 0.1). The data are 
north wind direction cases, thus the heated north-building wall would increase the wind-driven vortex, if it has 
hypothesized effect. There is a large scatter, but vorticity seems to increase as the temperature difference 
increases. When the temperature difference is negative, the measured vortex is less than that evaluated from the 
ambient wind. Therefore, the contrast between the sun-heated wall and shadow wall affects the canyon vortex 
generation. 

 
6. CONCLUDSION 
 
The wind and temperature field on the vertical cross section in the east-west oriented street canyon was 
investigated by the intensive observation in suburban Tokyo. The influence of atmospheric stability to the canyon 
airflow was clarified. 
 The cold airmass formed at the bottom of the canyon was advected by the canyon reverse flow, which 
has reverse direction to the above canyon wind. Canyon-scale single vortex was frequently seen on the 
measured vertical cross section in a 10 minutes-averaged wind field. However when the wind direction is parallel 
to the canyon, vortex was not generated. The vertical vorticity increases as the wind speed increases above the 
canyon. The turbulent intensity above the canyon and the thermal contrast of sun-shadow distribution in the 
canyon also intensify the canyon vortex. 

The scalar wind profile in the canyon depends on the atmospheric stability. The vertical vorticity in the 
canyon is also influenced by the atmospheric stability. The vorticity was less at stable condition than those at 
neutral or unstable cases.  
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VARIABILITY OF FINE PARTICLE CONCENTRATIONS WITHIN A BUSY STREET 
CANYON  
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Germany 

 
Abstract 
 
Mean and turbulent flow characteristics together with particle concentrations were measured in a busy urban 
street canyon in Essen, Germany, at several heights above ground. With flow being directed perpendicular to the 
canyon a vortex circulation leads to a doubling of particles during situations when the measurement site is 
situated upwind to the flow. The results indicate that the particle size distribution within the canyon is a complex 
function of traffic intensity and meteorology (e.g. wind direction and turbulence). 
 
Key words: fine particles, turbulence, vertical profile 
 
1. INTRODUCTION  
 
Street canyons are ‘hot-spots’ of gaseous and particulate concentrations in urban areas, generally (e.g. Van 
Dingenen et al., 2004). This is due to high emissions induced by the traffic fleet together with limited dispersion 
within the built-up environment. However, due to the large differences in canyon geometry, traffic intensity, 
mixture of the traffic fleet and ambient meteorology in-canyon concentrations are highly variable (Johnson and 
Hunter, 1999; Kastner-Klein et al., 2004) and can differ by a factor of 2 and higher between both kerbsides 
(Boddy et al., 2005). 
The picture of the vertical distribution of particles in canyons is still under debate. Zoumakis (1995) did show 
gaseous pollutants to decrease exponentially with height above ground. There is evidence for a similar behaviour 
of particles which are emitted mainly near to the surface due to combustion processes, tire and brake abrasion 
along with resuspension processes. Other studies, however, indicate an increase or homogeneous profiles of 
particles in the near-surface canyon layer and over the entire canyon depth (Colls and Micallef, 1999).  
During the Canyon Particle Experiment (CAPAREX) a busy urban canyon in Essen, Germany, was equipped with 
instruments at different heights to study mean flow, turbulence and in-canyon particle dispersion under changing 
meteorological conditions. Vertical particle profiles were measured to evaluate the dynamics and height-
dependence of particle dispersion.  
 
2. STUDY SITE AND INSTRUMENTATION 
 
The field study was conducted from July 19 to August 18, 2005 at the kerbside of the federal expressway B224 
(Gladbecker Straße) in the city of Essen. In the vicinity of the measurement site the street is exposed NW - SE 
(135° - 310°). Mean building height is H = 17 m whi le the canyon is W = 21.6 m wide resulting in a height to width 
ratio (H/W) of 0.79.  
A 10 m triangular lattice tower was installed 3 m off the house wall at the northern kerb of B224. It was equipped 
with four levels of ultrasonic-anemometers (Metek USA-1) and three levels of optical particle counters (OPC, 
Grimm Aerosol Model 1.107). At the measurement tower base a container was housing data loggers and 
notebooks for data storage. The Grimm OPC measures particle number concentrations in the size range 0.3 µm < 
Particle Diameter Dp < 32 µm by a light scattering technique. The OPC installed at the relative heights of z/H = 
0.15 and 0.52 measured particle number and mass concentrations while at z/H = 0.23 only mass concentrations 
were measured (z = measurement height a.g.l., H = mean building height). The fifth sonic at a height of 35 m 
a.g.l. was situated on a rooftop at a distance of 320 m to the NW of the tower. The sonic is part of the air quality 
network of the North Rhine-Westphalia State Environment Agency (LUA-NRW).  
 
3. RESULTS AND DISCUSSION 
 
3.1. Flow within the street canyon 
 
Urban street canyons are characterised by channeling and reduction of the wind due to roughness elements and 
canyon geometry. The in-canyon wind speeds at the present site are reduced to about 25 - 30 % of the rooftop 
wind velocity (not shown here).  
At the present site a distinct channeling of wind directions (φ) into the canyon-axis can be observed in the upper 
part of the canyon at levels z/H = 0.51 and 0.66 regardless of the direction of the ambient flow (Fig. 1). For cross 
canyon flow from the sectors 180 < φ < 247.5 a single vortex circulation within the canyon can be observed with 
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opposites wind directions in relation to rooftop directions. With winds flowing perpendicular from the NE the 
development of a canyon-vortex is not that pronounced, although still present. This is most likely associated to 
different roof geometries at both sides having substantial influence on in-canyon dynamics (e.g. Kastner-Klein et 
al., 2004). 
The dispersion of pollutants is closely related to the characteristics of mean and turbulent flow within an urban 
canyon. At the present site turbulent parameters show a distinct increase in turbulence at the upper part of the 
canyon due to mixing and channeling of the above canyon-flow into the canyon-axis. The shapes of the vertical 
profiles of both, the turbulence intensity σw/uz and σw/u* are in agreement to findings by others (e.g. Rotach, 1995; 
Christen et al., 2003).  
 

 
Fig. 1: Horizontal wind direction at different measurement heights as a function of rooftop wind direction at z/H = 

2.05 plotted with respect to the canyon-orientation (u-v plane). Grey arrows indicate upward directed 
vertical angles of attack, while black arrows indicate downward motions (cross-canyon flow: CRC, along 
canyon flow: ALC). The dashed areas indicate the canyon-axis orientation. Data is based on 30 min 
averages during the study period from July 19 to August 18, 2005. 

 
However, the vertical profile of Reynolds stress scaled by the above-roof velocity u*/uz increases with canyon-
height but is characterised by a maximum at the lowest measurement level (z/H = 0.15, not shown here). 
Normally a minimum of u*/uz would be expected at the lowest measurement level (e.g. Christen et al., 2003). The 
higher drag the surface exposes on the ambient flow at this level is likely to be related to the anemometer being 
located close to the roof of the container housing the measurement equipment. 
 
3.2. Particle concentrations 
 
Depending on ambient meteorology, presence of the canyon vortex and its sense of rotation particle 
concentrations are found to vary significantly within the canyon. Higher particle concentrations are measured for 
the tower being situated upwind to the ambient flow. The resulting concentration differences for upwind and 
downwind situations vary by factors of 1.6 and 1.8 for PM2.5 and PM1, respectively. This is in the order of 
magnitude as has been found for other pollutants in different canyon geometries under perpendicular flow (e.g. 
Longley et al., 2003).  
The particle size distribution also seems to be influenced by meteorological conditions. The ratios of particle mass 
fractions PM1/PM10 and PM1/PM2.5 indicate higher loads of submicron particles during upwind compared to 
downwind conditions (Fig. 2). This behaviour is qualitatively similar at all measurement heights. Particles in the 
mass fractions PM10 and PM2.5 are characterised by a weak increase in concentration during downwind situations 
when winds are directed nearly perpendicular to the canyon-axis (200° < φ < 250°). Concentration increases for 
the PM1 fraction cannot be observed. The increase of coarser particles is associated to higher in-canyon wind 
speeds and mixing during downwind situations. 
To compare vertical particle profiles during different situations (traffic intensity, ambient flow) measured 
concentrations were normalised to the value at z/H = 0.15. Between the second and third measurement level at 
z/H = 0.23 and z/H = 0.52 the concentration profiles show a decrease of on average 8 % and 7 % for PM2.5 and 
PM1, respectively (not shown here). This is due to the particle sources (combustion, tyre abrasion, resuspension) 
being situated near to the surface and enhanced mixing in the upper part of the canyon. However, in the near-
surface layer from z/H = 0.15 to z/H = 0.23 an increase of particle concentrations is observed on average showing 
higher concentrations at 3.9 m than at 2.5 m a.g.l. This was also reported for PM10 measurements in the first 3 
metres of an urban canyon (Colls and Micallef, 1999). Longley et al. (2004) observed fine particle gradients to 
temporarily increase at the lowest measurement levels within a street canyon. This is, however, not a general 
feature of vertical pollutant distribution in canyons since most studies report maximum concentrations near the 
canyon bottom decreasing with increasing height above ground (Zoumakis, 1995). Lower concentrations 
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measured at z/H = 0.15 might be attributed to a larger intense of turbulence near the container either due to flow 
distortion effects at the container-top or enhanced upward transport due to traffic induced turbulence. Also a 
combination of both effects has to be considered. 
The average diurnal course of vertical particle ratios shows that largest differences between the measurement 
levels are to be observed during periods with high traffic intensity (morning and afternoon) and periods with some 
stratification inside the canyon (evening and night period, Fig. 3). During noon dilution and turbulence mixing is 
large as indicated by peak values of u*. The vertical profile then is quite homogeneous throughout the canyon. 
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Fig. 2: Particle mass ratios PM1/PM2.5 and PM1/PM10 as function of ambient wind direction at z/H = 0.15 for the 

study period from July 19 to August 18, 2005. The shaded areas indicate the canyon-axis orientation 
 

time [h]

  00   02   04   06   08   10   12   14   16   18   20   22   00

P
M

1 
ra

tio
 [1

]

0.9

1.0

1.1

1.2

1.3

1.4

u *
 [m

 s
-1

]

0.3

0.4

0.5

0.6

0.7
OPC z/H = 0,23
OPC z/H = 0,52
u*

 
Fig. 3: Average diurnal course of normalised PM1 concentrations and the friction velocity u* for the study period 

from 19 to 29 June, 2005. Concentrations at z/H = 0.23 and 0.52 were normalised by the value at z/H = 
0.15. The dashed line indicates the reference concentration of 1.0 at z/H = 0.15. 

 
 
4. CONCLUDING REMARKS 
 
During a five week period flow characteristics, turbulence properties and particles were measured at different 
heights within an urban street canyon. Concentrations of airborne particles in the canyon are highly variable being 
a complex function of ambient flow, turbulence and traffic intensity.  
The shape of the vertical distribution of the particle fractions PM2.5 and PM1 was similar under different 
meteorological conditions and found to be quite homogeneous with height above ground during midday due to 
stronger mixing of the canyon air. However, more work on the vertical distribution of particles in street canyons 
has to be done to study particle profiles under different meteorological and traffic conditions. 
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Air flow pattern and pressure distribution within a  street network in an urban 
area with a high building area density  

 
Mats Sandberg*,#, Elisabet Linden* ,Ulla Westerberg*, Leif Claesson*, Per-Åke Elvsén* 

*University of Gävle, Gävle, Sweden, # KTH Research School 
 
 
Abstract 
 
We report on the effect of the overall shape of a city on the flow within the street network. We start with a solid 
round block, aspect ratio, diameter/ height = 6. The block is subdivided into smaller blocks and step by step an 
increasing number of streets are introduced. In the wind tunnel visualization with helium filled soap bubbled was 
carried out for obtaining qualitative information about the flow pattern. The pressure distribution on the ground 
within the street network was recorded in 400 points. CFD predictions provided the overall flow balance; flow 
entering through the street portals, leaving through the exit street portals and the updraft.  
 
 
Key words:  Street network, Flow Network, Morphology, District scale 
 
 
1. INTRODUCTION  
 
A city with a high building density is a complex agglomeration of buildings with a pronounced street network. The 
importance of the wind driven flow ducted along the street network for ventilation of a city has been pointed out in 
several publications Souhlhac L (2000), Skote M et al (2005), Belcher S (2005). Wind provides kinetic energy and 
wind is blown through the city within the street network. The wind approaching a city has a choice to flow into the 
street network or above and around the city.  The catchment is the ratio between the inflow through the street 
entrance and the flow through corresponding area far upstream in the undisturbed boundary layer flow. The 
catchment is a central air quality parameter because it provides the maximum dilution capacity of a contaminant 
released within the street network.  The surfaces of the street canyons offer a resistance to the wind, which slows 
down the wind speed within the street canyons. Continuity dictates that an updraft is generated.  The crossings 
are nodes in the street network where air streams from different streets meet and interact with each other. 
 
2.  THE IMPORTANCE OF THE MORPHOLOGY    
 
 
2.1. The basic solid configuration without any stre ets  
 
Figure 1 shows a sketch of the expected three-dimensional airflow pattern.  

Near wake

Far wake

 
 
Figure 1 Sketch of the general flow pattern   
 
In the recirculation bubble within the near wake there is a backflow towards the city.  On the windward side of a 
compact city there is a stagnation point and the streamline ending in the stagnation point is a dividing streamline 
separating the two air streams flowing to the right and to the left of city, see Fig. 2. The recorded pressure on the 
ground in the wind tunnel displays the varying “pressure landscape” with pressure peaks on the windward side 
and valleys with low pressures on the sides. Reference pressure is the stagnation point, CP=1.  
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Figure 2 Left: Airflow pattern Right: Recorded pressure distribution on the ground  
 
 
2.2. One street city  
 
Introduction of a street introduces a new parameter, a choice. Now there is an option for the approaching wind, to 
flow into the street portal or flow above and around the city. Therefore the dividing streamline now becomes two 
dividing walls containing the air flowing into the street openings and the stagnation point on the façade now is 
turned into two stagnation lines (in the picture they appear as a crossing with a horizontal plane).  On the leeward 
side the air discharged from the street may collide with the air stream in the near wake. If the momentum flux is 
sufficiently strong the near wake will be blown away.     
 
 

Stagnation lines

Dividing walls

 
 
 
Figure 3  Wind ward side: The flow has a choice Leeward side: Interaction with the near wake  
  
In Fig. 4 is  shown CFD predictions of the streamlines in the neighborhood of a street entrance and predictions of 
the potential energy density (static pressure) and the kinetic energy density. The retardment point is the point 
before the street entrance where the highest static pressure is attained while simultaneously the lowest kinetic 
energy is attained. The state (kinetic energy density, potential energy density) in this point reflects the state of the 
flow (Sandberg M (2004)). Just before the street entrance there is a deceleration of the flow followed by 
acceleration through the street entrance. If the street is narrow high wind speeds may be generated.    
 

Cp 
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Figure 4: Left:  Catchment: Flow into a street entrance. H is the height of the street canyon. 
               Right: Pressure distribution along a streamline located in the center of the left figure.  
                
2.3 Two street city 
 
A city with two streets has a crossing and at the crossing the flow along the streets interacts with each other.    
 

Stagnation point

                 

Stagnation point

 
 

Stagnation point

               

45°
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Figure 5 Flow in the street network at different wind directions 
 

c) 
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) 
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The controlling parameter for the relative magnitude of the flows is the distance from the stagnation point to the 
street entrances. When both streets are located at the same distance (symmetry) from the stagnation point (Case 
a and d), flows of equal magnitude are generated. Otherwise the flows are not equal.  
 
            
3. CATCHMENT AND FLOW BALANCE 
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orientation
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Figure 6 Catchment and flow balance  
 
 
The catchment is as expected dependent on the wind direction but not on the number of street portals on the 
downstream side. There is always an updraft, which is caused by the resistance to the flow within the street 
canyons, which slows down the wind speed.     
 
4. SUMMARY 
 
To the first order the ventilation of a city through its street network can in ventilation terns be described as an 
unbalanced system because less flow rate exits through the street portals located on the down stream side than 
enters into the street portals located on the wind ward side. The unbalance is caused by the resistance to the flow 

within the street canyons, which gives rise to an updraft. The distance of the street entrance to the stagnation 
point is a controlling parameter for the relative magnitude of the flow rates within different streets.   When a street 
is aligned with the wind direction the catchment is about 70 %. This is close to the value found for openings in 
buildings. Is this a mere coincidence or a universal value?  
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Abstract 

To clarify the thermal environment and pollutant diffusion within the street canyon, field observations were 
carried out for several types of street in the summer of 2004, which had differences of the direction of street, the 
form of street and street trees.   In detail, following 4 streets were chosen and measured at the pedestrian space 
and vertical section near the buildings of both sides of street canyon: the wide street oriented east-west direction 
with well-grown dense street trees, the wide street oriented south-north direction with scattered trees, the wide 
street oriented east-west direction with scattered trees and the minor street oriented east-west direction without 
street trees.  
 
Key words: SET*, NOx, Street Trees 
 
 
1. INTRODUCTION  

The Influences of urbanization have threatened us with the various environmental problems.   Thermal pollution 
has become one of the most serious environmental problems in Japan.   Especially in the central district of cities, 
it has been worried that human health has been damaged by excessive heat stress.   As the counteraction, 
roadside trees have an effect of shading to make a comfortable pedestrian space.   But on the other hand, it is 
worried that well-grown dense roadside trees show a negative effect for comfortable pedestrian space, because 
they obstruct well ventilation to disperse pollutants.   This study aims to clarify the actual conditions of thermal 
environment and pollutant diffusion in street canyon to investigate the effects of form of street canyon and 
roadside trees at the city center of Sendai city, Japan. 
 
2. FIELD MEASUREMENTS 
2.1 Field and Method 

Field measurements were carried out in the summer of 2004 (3rd-5th August).   The measuring points were 
settled at pedestrian space by several types of street shown below and fig.1. 

Area A: Wide Street oriented east-west direction with well-grown dense roadside trees 
Area B: Wide Street oriented south-north direction with scattered trees 
Area C: Wide Street oriented east-west direction with scattered trees 
Area D: Minor Street oriented east-west direction without roadside trees 

In the area A, B and C, measuring points were settled by not only horizontal distribution; across the road, but 
also vertical distribution, shown in fig.2, 3 and 4.   In the area D, measuring points were settled by several types of 
surroundings, for example beside a building, beside a small parking lot and beside a little park. 

Air temperature and relative humidity was observed at all points, measuring height was 1.2m from ground with 
sun shading board and ventilating fan except for 
vertical distribution, measuring time interval was 5 
minutes.   Globe temperature and wind velocity was 
observed for pedestrian space at several points of 
sidewalk; at the some of these points wind directions 
were observed by 3D-ultrasonic anemometer 
(fig.2(2)).   Solar radiation was observed at the roof 
level (point B in fig.1).   NO and NO2 concentration 
were measured by active sampling at area A by 
collecting the air by sampling bags for every hour.   
Passive sampling was carried out by using NO2 
sampler, filter badge, for 24 hour at area A, B and C 
(table 1). 
 
2.2 Weather Condition of Measuring Dates 

Fig.5 shows the solar radiation observed at Point B 
(height: 30m at building roof, time interval: 10 min.).   
In both days maximum solar radiation was 900[W/m2], 
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Fig. 1   Measuring Points 
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but in 4th Aug. because of clouds, there were some little fluctuation.   Fig.6 shows air temperature and humidity 
observed at Point B.   Maximum air temperatures were about 30� for 3rd and 4th Aug.   Absolute humidity was 
almost 15[g/kg’] for all days.   Fig.7 shows wind velocity and direction observed at Point B (height: 151m from 
ground, 10 minutes time average).   Wind direction of daytime was clearly south or south-southeast, in the 
nighttime it was almost north; so sea-land breeze was recognized.   Therefore measuring period can be defined 
as the typical summer days of this city. 
 
3. RESULTS OF MEASUREMENTS 
3.1 Thermal Environment 

To estimate a thermal comfort, Standard 
Effective Temperature (SET*) of each observing 
points were calculated on the assumption of 
clo=0.6 and Met=1.4.   Results are shown in Fig.8 
and 9.   Fig.8 shows the comparison of the results 
of area A, B and C.   It can be mentioned that in 
daytime SET* of area C are the highest, about 
40�; secondly one of area B and the minimum 
are one of area A, in nighttime those are almost 
same values but in detail SET* are area C, A and 
B in order of values.   These tendencies are 
similar to those of globe temperature, it seems 
those are influenced by whether well-grown 
roadside trees are or not; difference of street 
direction; it influences direct solar radiation, 
reflectance and long wave radiation from 
buildings.   Fig.9 shows the SET* of area D; minor 
street, and those of area C.   In daytime it ’ s 
characteristic that SET* of area D is stably very 
high, about 40�, as compared with those of area 
C become high instantaneously.   SET* of 3 
points of area D show a remarkable difference.   
SET* observed beside a building is stably high 
but one observed beside a little park is very low in
the morning and evening.   In nighttime these are 
almost same values.

 
Table 1   Measuring Items 

Area Measuring Items No. of 
Sites 

Air Temperature / Relative Humidity 20 

Globe Temperature 3 

Surface Temperature 17 

Infrared Image 5 

Solar Radiation 2 

Wind Velocity / Wind Direction 3 

5 

Area A 
Jyozenji St. 

(Fig.2) 

NOx Concentration (above: active,  
below: passive sampling) 7 

Air Temperature / Relative Humidity 13 

Globe Temperature 2 

Wind Velocity 2 

Area B 
Higashinibancho 

St. (Fig.3) 
NOx Concentration (passive) 4 

Air Temperature / Relative Humidity 15 

Globe Temperature 2 

IR Image 3 

Global Radiation 1 

Wind Velocity 2 

Area C 

Hirose St. 
(Fig.4) 

NOx Concentration (passive) 4 

Area D Air Temperature / Relative Humidity 5 

Globe Temperature 3 Minor St. 
(Fig.5) Wind Velocity 3 
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Fig. 2  Measuring Points of Area A (Jyozenji St.) 
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Fig. 3  Measuring Points of Area B   Fig.4   Measuring Points of Area C 
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3.2 NOx Concentrations and its Diffusion in Street Canyon 
In this study, not only thermal environment but also NOx concentration was measured simultaneously.   

Because air pollutant is carried by wind, so it needs to recognize a wind condition (fig.10).   There is difference 
between daytime and nighttime.   In daytime upper air wind direction is nearly south but one of pedestrian space 
in street canyon is opposite, these tendencies are shown also in nighttime.   This phenomena is caused by wind 
circulation in street canyon. 

Fig.11 shows the difference of NO concentration between north side and south side pedestrian spaces.   It can 
be mentioned that NO concentration is repeating higher and lower in daytime and nighttime and has tendencies 
that at south side pedestrian space it is higher in daytime and lower in nighttime, but at north side pedestrian 
space it is appeared in reverse.   However NO2 concentration is lower than NO concentration, there are also 
same tendencies as variation of NO concentration (fig.12).   It seems that these tendencies are caused by wind 
circulation in street canyon, that is to say, in daytime NO exhausted from vehicles near the road surface are 
drifted to south side of leeward and in nighttime these are drifted to north side of leeward, because wind direction 
changed between daytime and nighttime. 

 
 
 
 
 
 
 
 
 

Fig.5  Solar Radiation (Pint B)   Fig.6  Air Temperature and Humidity Fig.7  Wind Velocity and Direction
(Point B)          (Point A) 
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Fig.8  SET* at Area A, B and C   Fig.9  SET* at Area D and C 
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Fig.13 shows a difference of NOx concentration 
between 3 areas that have a difference of density of 
roadside trees and of road direction.   There are clear 
tendencies that in area A (fig.13(1)) NOx concentration 
is the highest of all, in area B (fig.13(2)) and in area C 
(fig.13(3)) it is lower than that of area A. 
 
4. CONCLUDING REMARKS 

In this study, field measurements of thermal environment and pollutant diffusion in street canyon were carried 
out.   For both of thermal environment and pollutant diffusion, there were various characteristics related to form of 
street and roadside trees, which are summarized as follows. 
1) Air temperature in area C and D was little higher; about 2�, than the other area.   Absolute humidity was not so 

different between each measuring points.   Wind velocity in the streets of east-west direction was little lower 
than the one of north-south direction that was same direction of upper air wind velocity. 

2) Globe temperatures were very different between each area.   The highest temperature is point of area D; minor 
street, next, point of area C; east-west direction with scattered trees, point of area B; south-north direction with 
scattered trees, and the lowest is point of area A; east-west direction with well-grown dense trees. 

3) To estimate a thermal comfort, SET* (standard effective temperature) were calculated and compared with each 
area.   The tendencies of heights were almost same with globe temperatures.   SET* of area A was low and 
comfort all day, but one of area B and C was quit high instantaneously and one of area D was quit high in 
daytime, the maximum value was 40�; it was feared for human health. 

4) As air pollutants, NO and NO2 concentrations were measured and were studied with the wind condition in 
street canyon.   NO concentrations were fluctuated between daytime and nighttime and these were appeared in 
daytime and nighttime shift between south sidewalk and north sidewalk of area A. 

5) As far to comparison with area A, B and C, NOx concentration of area A was the highest of all. 
 
References 
1) A. Mochida, H. Watanabe, H. Yoshino et al. (2005) CFD Analysis of Thermal Environment and Pollutant Diffusion within 
Street Canyon with Planted Trees, International Symposium on Sustainable Development of Asia City Environment 
(SDACE2005, Xi’an) 
2) A. P. Gagge et al. (1971) An effective temperature scale based on a simple model of human physiological regulatory 
response, ASHRAE Transactions, 77, pp247-262 

37ppb

35ppb

(25m:9F)

(12m:4F)

(1.2m)
40ppb 47ppb 28ppb

(1.2m) (1.2m)

27ppb
(11m:4F)

26ppb
(18m:6F)

 
(1)  Area A (Jozenji St.) 

34ppb
(9m:2F)

31ppb(1.2m) 30ppb (1.2m)

38ppb
(10m:3F)

 
(2)  Area B (Higashinibancho St.) 

34ppb
(24m: )

(1.2m)
27ppb 30ppb

(1.2m)

27ppb
(26m:8F)

 
(3)  Area C (Hirose St.) 

Fig.13   Vertical Distribution of NO2 Concentration 
(Daily Mean, Passive Sampling) 
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Fig.11  Variations of NO Concentration 
 of North and South Pedestrian Space 
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Fig.12  Variations of NO2 Concentration  
of North and South Pedestrian Space 
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CFD Analyses on Outdoor Thermal Environment and Air  Pollutant Diffusion in 
Street Canyons under the Influences of Moving Autom obiles 

Akashi Mochida*, Naoko Hataya*, Tatsuaki Iwata**, Yuichi Tabata*, Hiroshi Yoshino*, Hironori Watanabe*** 
*Tohoku Univ., Sendai, Japan, **Kajima Corp., Tokyo, Japan,  ***Tohoku Inst. of Tech., Sendai, Japan 

 
 
Abstract 
 
The aim of this study is to develop a simulation method to predict the turbulent diffusion process and the thermal 
environment, which are affected by various small obstacles, within the real situation of urban street canyons 
based on the methodology of canopy models. This study extends the previous researches of canopy models 
conducted by the present authors to reproduce the effects generated from various small obstacles, including 
moving objects such as automobiles, in actual urban space. Four test cases of computations were carried out by 
using the new developed ‘Vehicle Canopy Model’. In the cases without automobiles, k values were largely 
underpredicted, but the prediction accuracy of k values was greatly improved in the case with moving automobiles. 
 
Key words:  Vehicle Canopy Model, Urban Street Canyon, CFD Analyses 
 
1. INTRODUCTION 
 
The real situations of environment in street canyons are influenced by various factors. In the majority of previous 
CFD simulations of flow around buildings, only the influence of topographic features and geometry of buildings 
has been considered (cf. Fig. 1 (1)). At the height of pedestrian level in urbanised areas, the influence of small 
obstacles such as trees and automobiles etc. is indeed significant, however, their effects have been neglected in 
many cases. 
Tree planting is one of the most popular measures 
of environmental design for improving outdoor 
climate, i.e. preventing strong wind around a high-
rise building, improving outdoor thermal comfort in 
summer etc.. This approach can clearly mitigate air 
temperature, but an increase in air humidity is 
subsequently occurred. Additionally, airflow and 
turbulent diffusion fields in urban area can be 
converted under the influence of trees. In the 
previous studies using various canopy models 
conducted by the present authors, the tendency of 
the distributions of airflow and contaminant gas 
concentration was reproduced fairly well in the CFD 
result when adopting a revised k-ε model (modified 
Launder-Kato model [1~4]).  
This paper describes the effects of moving 
automobiles on turbulent diffusion process within 
street canyons. The vehicle canopy model has 
been developed to reproduce the aerodynamic 
effects generated from moving objects such as 
automobiles, which exist in actual urban space.  
 
2. OUTLINE OF VEHICLE CANOPY MODEL 
 
This study extended the previous researches of 
canopy models conducted by the present authors [3, 
5~7] to reproduce the effects generated from 
various small obstacles, including moving objects 
(cf. Fig. 1). The effects of an individual moving 
automobiles were not directly modelled, but the 
total effects of all moving automobiles existed in the 
street were considered as a whole. The 
aerodynamic effect of moving automobiles was 
modelled based on the methodology of canopy 
model (Note 1).  
The vehicle canopy model proposed in this study 
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(1) Target of conventional wind environment assessment: only the influence 

of topographic features and geometry of buildings is considered 
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(2) Target of this study: development of CFD submodel to include the 

influence of moving objects which exist in actual urban space 
Fig. 1 Purpose of this study 

 

 

 
Photo 1  Actual urban space (Jozenji-street, Sendai) 
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was derived based on the k-ε model in which 
extra terms were added into the transport 
equations. Similarly to the tree canopy model [3, 
5~7], the extra term “-Fi” added in the 
momentum equation gives the effect of moving 
automobiles on velocity change, while the other 
extra terms “+Fk” and “+Fε” put in the transport 
equations of turbulent kinetic energy k and 
energy dissipation rate ε simulate the effects of 
moving automobiles on the amount of increase 
in turbulence and energy dissipation rate 
respectively. Table 1 shows these extra terms in 
the transport equations and Table 2 describes 
the function of these extra terms. The extra term 
of “-Fi” is defined as the relative velocity between 
wind velocity and moving speed of automobiles 
in the developed vehicle canopy model (cf. Fig. 
2). 
 
3. SENSITIVITY ANALYSES CONCERNING 
THE EFFECTS OF THE INVOLVED 
NUMERICAL COEFFICIENTS 
 
Numerical experiments were firstly conducted to 
evaluate the effects of different values of two 
numerical coefficients Cf-car and Cpε (Note 2). Fig. 
3 illustrates the influence of moving automobiles 
along a roadway. In this calculation, buildings 
and trees were not included. Table 3 shows the 
test cases for the numerical experiment, while 
the results of each test cases are given in Fig. 4. 
In Fig. 4 (1), the movement of airflow, that was 
the same directions of movement of automobiles, 
produced by the moving automobiles was seen 
in Cases 1-2 and 1-3. The wind velocity, <u>, 
increased with the increase of moving speed  of 
automobiles ucar (< > indicates the time-
averaged value). On the eastside of the roadway, 
the moving automobiles generated larger 
influence than that of the wastside roadway 
because the eastside automobiles were moving 
in the direction against the wind direction. In Fig. 
4 (2), the effects of using different values of Cf-car 
were relatively small in comparison to the effects 
of ucar within the investigated range.  
 
4. CFD ANALYSES OF FLOWFIELD IN REAL SITUATIONS IN STREET CANYO N 
 
By using the proposed vehicle canopy model, the flow and diffusion fields around Jozenji-street in Sendai, Japan 
(cf. Photo 1) were predicted. The results of CFD analyses were compared with field measurements conducted by 
the present authors [4, 8].  
 
4.1. Outline of CFD analyses of microscale climate 
 
Five equations, namely (a) transport equation of momentum, (b) transport equation of heat, (c) transport equation 
of moisture, (d) transport equation of contaminant gas and (e) heat transfer equation by radiation were employed 
and solved [2~4, 9, 10]. Furthermore, the tree canopy model was incorporated into simulation system to 
reproduce the aerodynamic and thermal effects of planted trees [3]. Regarding the aerodynamic effects of the 
trees, the tree canopy model has been optimized, in which extra terms were added into the transport equations, 
by the present authors [5~7]. The accuracy of CFD analyses was confirmed by comparing the results with those 
obtained from field measurements conducted by the present authors [4]. 
In this study, two-stage nested grid technique was adopted. Grid 1 covers an area of 650m (x) × 200m (y) × 500m 
(z) and Grid 2 covers an area of 120m (x) × 110m (y) × 100m (z). Fig. 5 shows the computational domain for the 
analyses of Jozenji-street, while Fig. 6 gives a detail of Grid 2 domain and the positions of measuring points. The 

Table 1  k-ε model reproduce the influence of canopy 
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Table 2  Additional terms for vehicle canopy model 
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Fig. 2  Relationship between wind velocity and moving speed of automobiles 

 
                                                         Table 3  Test cases for section 3 

 

Moving 
speed of 

automobiles 
ucar [km/h] 

Distance 
between 
cars [m] 

Cf-car Cε-car 

Case1-1 0  30 2.0 2.5 
Case1-2 15 30 2.0 2.5 
Case1-3 30 30 2.0 2.5 
Case2-1 15 30 0.5 2.5 
Case2-2 15 30 1.0 2.5 
Case2-3 15 30 3.0 2.5 

Fig. 3  Computational domain 
for section 3 
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geometry of buildings was given by GIS data. The inflow 
boundary conditions for Grid 1 are given in Note 3. Unsteady 
analysis of heat balance at ground and building surfaces 
based on radiation and conduction computations [2~4, 9, 10] 
was implemented in Grid 2. 
All the test cases in this study are shown in Table 4. In Case 
1, only geometry of buildings was considered. In Case 2, 
roadside trees were planted, based on present situation of 
Jozenji-street, within the street canyon of Case 1. In Cases 3-
1 and 3-2, the influence of automobiles was reproduced 
besides that of tree. 
The values of Cf-car and Cpε used in Cases 3-1 and 3-2 were 
2.0 and 2.5 respectively, but different values of the moving 
speed of automobiles were used in Case 3-1 and 3-3 (cf. 
Table 4). 
 
4.2. Results of CFD analyses 
 
A comparison of the results of turbulent kinetic energy k 
between field measurements and CFD analyses in Jozenji-
street is given in Table 5. In the cases without automobiles 
(Cases 1 and 2), k values were largely underpredicted in 
comparison to the measurement results. On the other hand, 
the magnitude of k is well reproduced in Case 3-2, especially 
on the southern sidewalk, due to the turbulent diffusion 
generated by moving automobiles. The examination of the 
accuracy of this calculation is now underway. 
 
5. CONCLUSIONS 
 
1) A new simulation method to predict wind environment 

and the turbulent diffusion process, which is affected by 
various small obstacles within the real situation of urban 
street canyons based on the methodology of canopy 
models, was developed in this study. 

2) By using the proposed vehicle canopy model, the 
turbulent flow field around Jozenji-street in Sendai was 
predicted. In cases without automobiles (Cases 1 and 2), 
k values were largely underpredicted, but the prediction 
accuracy of k values was improved in the case with 
moving automobiles (Case 3-2).  
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Fig. 4  Distribution of wind velocity of x direction 
(section A-A’ is indicated in Fig. 3, at the height of 1.5m ) 

 

Jozenji-
street

Hall for 
citizen of 
Miyagi 

prefecture

Hotel 
Jozenji Higashinibancho-streetBansui-street

1000m

200m
650m

Grid 2

Grid 1

 N 

E 

S 

W

 
Fig. 5  Computational domain (Grid 1, Grid 2) 
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(1) Result of Grid 1                                                                                                        (2) Result of Grid 2 

Fig. 7  Horisontal distoributions of wind velocity vectors 
(without trees, without automobiles, 12:00a.m. on Aug. 3rd, at 1.5m height) 

 
Table 4  Test cases for section 4 

 Roadside trees 
Effects of moving automobiles 
on turbulent diffusion process 

Case1 without trees without automobiles 

Case2 present situation without automobiles 

Case3-1 present situation ucar = 0 [km/h] 

Case3-2 present situation ucar = 15 [km/h] 

 

Table 5  Comparison of turbulent kinetic energy k [m2/s2] 

Result of CFD analyses Measuring 
points 

Result of field 
measurement Case1 Case2 Case3-1 Case3-2 

Northern 
sidewalk 

0.44 0.06 0.07 0.02 0.22 

Southern 
sidewalk 

0.27 0.12 0.03 0.03 0.25 

(Measuring points are indicated in Fig. 6 (2), at the height of 1.2m) 
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Notes 
1) In this study, the drag coefficient Cf-car and the 

ratio of turbulence scale Cε-car for vehicle 
canopy model were given according to 
Maruyama [14]. It should be noted here that the 
roughness parameters were given Based on 
the wind tunnel tests of building canopy.  

2) Computational domain covers an area of 
102m (x�direction of traffic lane) × 102m (y�
vertical direction of traffic lane) × 111m (z�
direction of height from road surface). The total 
number of grid points is 38220 (49 (x) × 26 (y) 
× 30 (z)). There were four traffic lanes at one 
side direction and every lane had the same 
volume of moving automobiles. Inflow wind 
direction is from south into the domain and its 
speed is 1m/s at a height of 1m. A revised k-ε 
model (modified Launder-Kato model [1~4]) 
was used in this study. The QUICK scheme 
was applied for the convection terms in all 
transport equations. 

3) Boundary conditions at inflow boundaries of 
Grid 1 (cf. Table 6) were given from the result 
of the field measurements [8], and boundary 
conditions of Grid 2 were given from the results 
of Grid 1, as shown in Fig. 7. Temperature of 
ground and building surfaces in Grid 1 was 
given from Table 7 based on previous data of 
measurements. 
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Table 7  Surface temperatures used for the computation for Grid 1 
Classification of surface material Surface temperature [�] 

asphalt 50 
soil area 43 
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concrete�building surface� 37 
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Development and applications of an urban meteorological  
Numerical model in Cartesian coordinate 
 

Weiming SHA*, Toshio ABE**, Yasunobu ASHIE**  
*Tohoku University, Japan 
**Building Research Institute, Japan 

 

We intend to make the development and applications of a new urban-canopy-resolving 

meteorological numerical model coded in the Cartesian coordinate, which is expected to treat any 

complex object (buildings, etc.) explicitly in urban street with a finer resolution.  

With the continuing increase in computational resources, the mesoscale models are being run at 

successively higher resolutions. Running a mesoscale model at a huge fine horizontal resolution may 

be attainable in the near future, and the topography (e.g., steep mountains, buildings and any complex 

object on the surface) could then be more accurately represented. In this numerical model 

development, the Finite Volume Method (FVM) in conjunction with the SIMPLER (Semi-Implicit 

Method for Pressure-Linked Equation Revised) algorithms is used for calculations of the unsteady, 

three-dimensional, compressible equations on a staggered grid. Abandoning the customary 

terrain-following normalization, we choose the Cartesian coordinate in which the height is used as the 

vertical one. A Cartesian-grid system approach, which consists of the variable regular cells and a 

special treatment of the boundary cells, is proposed for expression of the arbitrarily complex 

geometries. The blocking-off method is introduced to handle any complex objects, then resulting in a 

stable, robust, and efficient numerical scheme that allows for applications to airflows over the 

complicated topography. The spatial discretization is obtained by a finite volume technique on the 

staggered grid, and higher-order upwind convection scheme is employed to relate the flux at each 

control volume face. For the temporal integration of the equation, the fully time implicit scheme is 

utilized.  

As applications, the numerical model has been run on calculating flows over cube/steep mountains 

by Direct Numerical Simulation (DNS), and turbulent flow in urban city by Large Eddy Simulation 

(LES), respectively. In this work, numerical simulation is conducted and compared with wind-tunnel 

experiment on the thermal and turbulent structures of the flow over a low-rise building residential area 

in street canyon. Details will be given in the meeting.
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A SIMPLIFIED METHOD TO DERIVE THERMAL COMFORT CONDITIONS IN 
OPEN SPACES 

 
Lutz Katzschner 

Kassel University, Kassel, Germany 
 

Abstract 
 
Urban planners and architects need detailed information about the thermal conditions of open spaces for their 
design. For the use of open spaces it is essential, that they have a detailed knowledge of urban climate effects, 
thermal sensations as the actual use of open spaces is very much dependent from that. The possibilities for 
adequate activities within the city structure also depend from thermal conditions. Meteorological measurements 
were carried out in an urban city structure of the city Kassel to evaluate urban climate in respect thermal comfort 
to and compare these results with the behaviour of people. 

Fundamental knowledge for thermal sensations came out of a European investigation project, which was carried 
out in 6 countries. As thermal index the physiological equivalent temperature (PET) was used. For the thermal 
comfort analysis with measurements a simplified methodology was developed for the thermal comfort conditions 
and the presentation in urban climate maps. In a well defined city fabric measurements were carried out to 
compare different sensors and transferred to the mean radiation temperature. 
 
Key words: Urban climate, open space design, thermal comfort 
 
1. INTRODUCTION 
There is strong public interest in the quality of open urban spaces and it is acknowledged that they can contribute 
to the quality of life within cities, or contrarily enhance isolation and social exclusion.  This relates to the thermal 
physical as well as social environment.  In the frame of many discussions about a new urbanity the issue 
becomes more and more important to revitalize cities. Therefore, in order to increase use of outdoor space and 
follow the idea of revitalising cities, the environmental conditions and thermal comfort, which effect people using 
these spaces, have to be considered and improved. 

European urban development aims more and more in dense built up cities in order to avoid urbanisation in rural 
areas. This affects heat island and ventilation situation dramatically. Therefore urban climatology has to play a 
major role in the thermal analysis of open spaces in order to regain these open spaces for people. 

The paper is based on a European project, which has aimed to produce a guideline for urban design that provides 
urban designers, planners and other decision makers with the appropriate means for thermal comfort conditions. 
This is achieved by the investigations of thermal comfort measurements with parallel interviews and presentations 
to municipalities and technical representatives. 

Problem was to establish a common evaluating for thermal conditions throughout Europe as people showed a 
quite different behaviour and activities. Therefore it was taken into account the most influential microclimatic 
parameters for different areas, leading to slight variations of the same result in different climatic contexts. Open 
space planning need a precise microclimatic analysis which also evaluates people’s behaviour in dependence of 
the thermal situation. Therefore a methodology was developed for mapping comfort conditions in the urban 
context results from measurements and observations. Moreover city planning needs an evaluation of analysis and 
a translation to planning. 
 
2: THERMAL COMFORT DISCUSSION 
To evaluate thermal comfort many different comfort standards and indices are use. Main purpose of these papers 
is to describe the influencing parameters and their input factors, so that any measurements and calculations of 
thermal comfort can be used for planning. The behaviour of people of urban spaces in dependence of the 
meteorological parameters are therefore used and developed towards a planning tool. The underlying thermo 
logical and physical processes based on heat balances of man are well known and described by Fanger (1970) 
and others (Höppe 1999) to get the Predicted Mean Vote (PMV) or the Physiological Equivalent Temperature 
(PET). It is known that the main influencing parameter is wind velocity, long- and short wave radiation, humidity 
and air temperature. Another factor which should be considered in open space planning and urban design is 
activity. Thermal comfort conditions can be different depending from these activities as shown in table 1, where 
measurements are compared with interviews and the neutral temperature is around 18 to 21 oC PET.  The same 
phenomena were observed in the RUROS project (Nikolopoulo 2005) were the different reasons using places 
need various thermal conditions. Social activities, cultural activities or breaks need warmer conditions than the 
others. Table 2 show thermal sensations and PET values and table 3 show thermal sensations differ with climate  
Over all one can learn from table 3, which is a conclusion out of a European project and a comparison between 
different cites, that there are different thermal sensations depending on regional Nikolopoulo 2005. 
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Table 1.Thermal index and activity from measurements and interviews in Kassel/Germany (Katzschner 2002) 

PMV PET O C thermal 
sensation 

 activities needed thermal 
conditions for use of 

open spaces 

PET O C 

  Very cold  sitting warm 30 
- 3,5 4   calm activities warm moderate 26-32 

  Cold  children play warm  moderate 24-26 
- 2,5 8   recreation neutral 16-24 

  Cool  light movement neutral 16-26 
- 1,5 12   shopping warm moderate 26-32 

  Slightly cool  movement lightly cool 14-24 
- 0,5 16   strong 

movement 
cool to cold 12-24 

 20 Neutral  garden 
activities 

lightly cool 12-24 

0,5 24   work outside neutral to cold 16-22 
 
Table 2 Thermal evaluation from interviews  Table 3 Neutral temperature in oC  
in Kassel / Germany in dependence of PET,   (neutral feeling) in different European 
air temperature and wind speed    cities (after Nikolopoulo 2005 and RUROS 
       2004) 

values  
13:00 

PET 
o C 

thermal 
sensation in five 
categories 

T air  
o C 

wind 
m/s 

10.5.05 10,1 cool 13,5 0,6 
18.5.05 13,5 slightly cool 14 0,8 
7.6.05 14,8 slightly cool 16,5 0,9 
3.5.05 18,0 neutral 23,2 1,8 
13.5.05 20,1 neutral 18,2 0,8 
19.5.05 21,0 neutral 20,2 0,3 
21.5.05 25,0 warm 24,7 1,2  

Neutral air temperature          
year         summer - winter 

cities 

22,8 28-21 Athen 
25,3 29-15 Thessaloniki 
12,9 16-11 Fribourg 
18,3 24-21 Mailand 
17,8 17-11 Cambridge 
15,3 16-11 Sheffield 
18,5 22-15 Kassel  

 

All predictive errors between calculated thermal comfort values and behaviour have been mentioned already by 
Fanger, who explained it with mechanical cooling. Later investigations (Nicol 2004) indicate that also the 
expectation in temperature influences thermal comfort. For planning purposes it is important to consider and 
calibrate thermal standards with the subjective thermal comfort feeling. For evaluation in planning processes the 
tended use of a place also influences the expectation and thermal sensation. 
 
3. METHOD 

Two steps were taken to discuss thermal comfort results for open spaces. First a one day experiment was carried 
out in a well defined urban area to measure different meteorological values in the course of the day (figure 1) and 
seconds an 11 weeks from April to June 2005 observation to study the behaviour of people in open spaces in 
connection to thermal comfort conditions. It is important to mention, that the local situation of investigation area is 
within the heat island with reduced ventilation of the city Kassel.  So the investigation deals with periods of heat 
stress and reduced cooling during the investigation period in June. The destination of thermal conditions is used 
to calibrate thermal sensations by an observation of the behaviour of people using the open spaces near a bistro. 
More detailed information also could be reached by counting people visiting the bistro inside or outside in 
dependence of the thermal surroundings. 

I could be seen from the discussion in chapter 2 that thermal comfort has to be considered in a height spational, 
daily and seasonal variation, together with use of open spaces. Therefore any information needed for urban 
design to improve thermal comfort conditions have to combine physical results with subjective behaviour and well 
feeling of people. To do these simple measurements were used with parallel interviews. Especially the first 
parameter is sometimes difficult to derive. Calculations can not be done by everybody. To get the mean radiation 
temperature globe temperature measurement results are used with different correction factors in dependence of 
radiation and wind.  

The results from the day of measurements are shown in figure 2. It was observed that the globe temperatures 
react very similar, with a slight faster reaction time of the small instrument depending on wind speed but equalised 
in a half hourly average. Globe thermometers react slowly against the change of global radiation, but in terms of 
the calculated PET value wind and radiation influence thermal conditions directly (figure 2 right). Air temperature 
are a more conservative parameter and does not effect thermal sensation as much as the radiant temperature. If 
surface temperatures are available this gives a better understanding of the thermal situation.  
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Results from Measurements 
For one day 20th June 2005 meteorological 
measurements were recorded in a well defined 
area with a mobile system (figure 1). The 
recorded meteorological parameters in the 
investigation site were global radiation Rg 
[W/m2], air temperature Ta [oC], surface 
temperatures Ts [oC], wind speed v [m/s], globe 
temperature big and small TGb and TGs and the 
correspondent PET values all in [oC]. 

Figure 1. Mobile system and investigation area Kassel 
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Figure 2. One day measurements of radiation Rg in W/m2 x10, wind speed v in m/s /10 and two globe 
temperatures TGb TGs oC (left) and the three different PET values in oC (right) 
 
With all that in mind, and with a focus on thermal sensations on half hourly averages the mean radiation 
temperature can be used from globe thermometers and weighting factors similar. Therefore in table 4 very simple 
weighting factors to get the mean radiation temperature were developed. It has to be said that this is mainly 
based on a one day experiment together with the experience from different studies about heat island and city 
structures (Katzschner, 1995). With this simple assumption for the mean radiation temperature from globe or air 
temperatures PET easily can be calculated as all other parameters can be taken directly from measurements. 
Even if there was only one day experiment in a well defined urban situation the results are considerable und show 
the possible use of simple transformations to analyse thermal comfort for open space design.  
 
4 Use of open spaces with thermal comfort conditions 
 
Results from chapter 3 were used to calculate thermal comfort and combine this with observation how people 
react on thermal comfort conditions in their open space behaviour. As thermal index again PET was taken. During 
11 weeks alls people were counted using a specific place just before a bistro. Parallel to that measurements were 
taken and PET was calculated from that. In figure 3 the weekly averages of PET, wind speed and the absolute 
number of people using that place are shown. First observation which was made is that more people like sitting 
outside with increasing PET values. In this example of a moderate but urban climate in the city of Kassel this is 
even true if the thermal heat stress occurs with more than 24 oC, which can be judged as neutral. Especially those 
people using the place during midday for a working break seek for warm thermal conditions, especially if they 
come out of a air conditioned office. The windy situations during the 5th week immediately lead to discomfort. 

The same result can be derived from another observation concerning the outside or inside use of the bistro 
(Figure 4) demonstrates that behaviour. Even during the observations of a warm summer day with PET values 
above 24 oC not people look for shadow places inside the bistro, which was much cooler than, but want to be 
outside with warm or even heat stress conditions. This behaviour is very much in accordance to the expectation of 
the usual warm summer. Disturbing factor for this knowledge is mainly the activity shortly before, as here a 
thermal compensation is dominating. So business jobs in surrounding offices can stand warmer conditions than 
shopping. Warm sensation is correlated very much with high solar radiation and low wind speed. 

The results from figure 4 show a situation were it was optional to choose between outside and inside. The bistro 
was mainly used for short breaks during work or shopping During the 11 week’s investigation period from April to 
June the normal behaviour was an increasing outdoor use with increasing PET. The two exception weeks were 
combined with rain and higher wind speeds. One can see that the absolute values of PET often exceed neutral 
conditions but still people were looking for sun in the outside. 
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Table 4. Correction factors to derive the mean radiation temperature /Tmrt),from air temperatures and globe 
temperature (TG); (VDI , 1997, Measurements University Kassel, FG Environmental Meteorology June 2005, 
Nikolopoulou et. al. 1998) 
 

Tl  Tmrt =Tl + Radiationfactor Tmrt= TG + windfactor 
 Sunny half cloudy Cloudy v  m/s factor 

< 5 2 0 0 < 1 0 
10 5 3 2 1-2 +1 
15 10 6 2 2-3 + 2 
20 15 10 4 3-4 + 3 
25 20 13 6 4-5 + 4 
30 25 17 8 > 5 + 5 

> 30 30 20 10   
 
 

0
5

10
15
20
25
30
35

1 2 3 4 5 6 7 8 9 10 11

Period April to June 2005

P
E

T
; 

v;
 p

er
so

n
s

number PET v

 
Figure 3. Thermal comfort, wind speed and   
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Figure 4. Percentage of people sitting inside / outside the 
                bistro from weekly observations  

 
 
5 Conclusions 
 
The paper shows that people’s behaviour is very much dependent on the thermal outside conditions, but is 
influence from the expectation of weather and the activities why open spaces are used. Also the paper shows that 
more simplified measurements and assumption meet the accuracy of results needed. With that planners have a 
more easy capability to use the urban climate tools for their evaluation. The description of the thermal conditions 
have to be easily understood and also easily to get. In terms of this evaluation of the thermal conditions it seems 
possible to use simple assumption to classify thermal sensations. People react on climate objectively in 
accordance with the calculated thermal indices, but their thermal sensations are combined with individual 
expectations. Especially as the results are used in an open space design the accuracy must adapted to that 
perspective and the accuracy showed here are enough to implement thermal comfort into open space design and 
urban planning processes. More investigations and information are needed for windy weather situations, as here 
the mean radiation temperature is not as dominant for the thermal sensations as wind speed. 
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Abstract  
 
We present results from two quasi-experimental studies on the impact of culture (Sweden vs. Japan) and 
environmental attitude (urban vs. open-air person) on participants’ thermal, emotional and perceptual 
assessments of different urban outdoor places within the PET (physiological equivalent temperature) comfortable 
interval of 18-23 °C. One square and one park in Gö teborg, Sweden and in Matsudo, Japan respectively were 
selected for case studies. The findings obtained suggest that thermal, emotional and perceptual assessments of a 
physical place may be intertwined with psychological (individual) and socio-cultural processes, rather than fixed 
by general thermal indices developed in line with the physiological heat balance models. This implies that thermal 
comfort indices may not be applicable in different cultural/climates zones without modifications and that 
psychological process must be taken into account. 
 
Key words: culture, attitude, environmental assessment 
 
1. INTRODUCTION  
 
Due to the lack of empirical thermal comfort studies and models directly relevant to outdoor conditions it has been 
assumed that indoor thermal comfort theories can be transferred to outdoor settings without modifications (VDI 
1998). However, during the last few years the validity and limitation of these outdoor thermal indices has been 
questioned (e.g. Höppe 2002, Spagnolo and de Dear 2003, Nikolopoulou and Steemers 2003, Thorsson et al. 
2004). Studies on subjective responses to the outdoor environment have shown that thermal perception differs 
from predictions of thermal comfort indices and that indoor comfort limits are not directly transferable to the 
outdoor environment. In order to further our understanding of the thermal comfort outdoors and to develop an 
index that is applicable across the global range of climatic environments, there is a need for research on 
psychological (individual) and cultural influence on thermal as well as on emotional and cognitive assessments of 
outdoor places.  
 The aim of the present paper is to show some of the results obtained in two studies (Knez and Thorsson 
2006a,b) on the impact of culture (Sweden vs. Japan) and environmental attitude (urban vs. open-air person) on 
thermal, emotional and perceptual evaluations of outdoor public places. Prediction of the two studies was that 
persons living in different cultures with different environmental attitudes might psychologically evaluate a place 
differently despite similar thermal conditions, i.e. within the PET (physiological equivalent temperature) 
comfortable interval of 18 -23 °C (Höppe 1999). Fou r public places in Göteborg, Sweden and in Matsudo, Japan 
were selected for the case study investigations.  
 
2. STUDY AREA   
 
Four public places, i.e. one square and one park in city of Göteborg (57°42’N, 11°58’E) Sweden and one s quare 
and one park in Matsudo (35º78′N, 139º90′E) a satellite city of Tokyo Japan were selected (see Figure 1). The 
designated areas typically represent examples of a square and park in a medium sized Swedish and Japanese 
city (population about 500 000). 
 

 
Figure 1. Photograhs showing the Swedish square and park (Göteborg) and the Japanese sqaure and park 
(Matsutdo).  
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3. METHODS 
 
3.1. Participants 
In total 204 persons participated in the two studies. 43 and 60 persons visiting Swedish square and park 
respectively, 63 and 38 persons visiting Japanese square and park respectively. These persons were selected 
because they estimated themselves as urban vs. open-air persons (see below) and because they happened to 
visit the places when PET were within the thermal comfortable interval of 18-23 °C.  
 
3.2. Micrometeorological measurements 
 
A micrometeorological station was used to measure air temperature, relative humidity, wind speed and incoming 
short-wave radiation at the height of 1.1 m, corresponding to the average height of the centre of gravity for adults 
(Mayer and Höppe 1987). Data were sampled every minute and stored in data loggers (Campbell CR 10). 
Thermal comfort was assessed using PET index (Höppe 1999).  
 
3.3. Psychological Measures 
  
Structured interviews were carried out with participants visiting the four places. This instrument comprised 
questions about demographic variables, clothing, social conditions, general and specific questions about current 
weather and the place, and behaviors and attitudes related to the site (Thorsson et al. 2006). Some results 
related to the following questions are reported in the present paper:   

1. How do you perceive the weather today? Participants were asked to answer this question by responding to 
three 5-point scales ranging from: (1) calm-windy; (2) cold-warm; and (3) good-bad for outdoor activity (Knez and 
Thorsson 2006a). 

2. How do you perceive the place right now? Participants were asked to answer this question by responding to 
four 5-point scales ranging from: (1) ugly-beautiful; (2) unpleasant-pleasant; (3) windy-calm; and (4) cold-warm 
(Knez and Thorsson 2006b). 

3. How do you feel right now in this place? Participants were asked to answer this question by responding to 
four 5-point scales ranging from: (1) elated-bored; (2) glad-gloomy; (3) calm-nervous; (4) active-passive. These 
scales were derived from the Knez and Hygge (2001) measure of the current self-reported affect.  

4. Urban vs. open-air person attitude. Participants’ urban vs. open-air person attitude was measured on a 5-
point scale ranging from 1 (mostly urban person) to 5 (mostly open-air person) related to the question: “How much 
of an urban person (find pleasure in the street-life, the shops, the amusements of the city) and open-air person 
(find pleasure in the sea, the woods, the nature) are you?” (Knez 2005). 

 
3.4. Experimental Design 
A quasi-experimental design (McGuigan 1983) was used in both studies, meaning that participants were not 
randomly assigned to the different groups and that the two independent variables may have been confounded 
with some uncontrolled extraneous variables (Liebert and Liebert 1995). 

Independent variables. The environmental attitude of urban vs. open-air person was used as an independent 
variable. In line with Knez (2005) participants with scores lower than 3 (1, 2) were considered to be “urban 
persons” and those higher than 3 (4, 5) were considered to be “open-air persons”. The visitors of the Swedish and 
the Japanese square and park respectively were considered to share two different cultures. 

Dependent variables. Questions: “How do you perceive the weather today?”; “How do you perceive the place 
right now?” and “How do you feel right now in this place?” comprising several scales (see above). 
 
4. RESULTS AND DISCUSSION 
 
4.1 Background conditions 

Thermal conditions. During the field surveys the Swedish participants were exposed to a mean PET value of 
20.3 °C in the square and to a mean PET value of 20.5  °C in the park. The Japanese participants were exp osed 
to a mean PET value of 20.7 °C in the square and a me an value of 19.6 °C in the park.  

Gender. About 50 % of the Swedish and 60 % of the Japanese participants in parks were women and 40 % 
and 55 % in respective square. 

Clothing. The interviewees’ clothing, expressed as clothing insulation (clo) was examined according to 
ASHRAE (2001) standard. The average total clothing worn by the Japanese interviewees was about 0.9 clo, that 
is about 0.1 clo more than the Swedish interviewees worn (0.8).  

Social conditions. During the interview participants were asked “How often do you pass or linger on in this 
place?” and “What is the most important reason for being in this place?” About 30-50 % of the visitors in both 
places answered that they passed the place daily or several times per week. In the squares about 60-70% of the 
participants answered that they were on their way home from or to work, school, store or other places. However, 
ca. 50-60% of the participants in the parks stated that most important reason was to “exercise, get some air, see 
other people and relax”. This means, and as one might expect, that a square and a park respectively involve 
similar functions and activities across cultures. 
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4.2 Inferential Statistics 
All data were subjected to univariate and multivariate analyses of variance.  

How do you perceive the current weather today? The main effects of Culture showed that Swedish compared 
to Japanese participants estimated the current weather as colder, both in the square F(1,103) = 5.57, p = .020, 
Swedes M = 3.82, SE = 0.17 vs Japanese M = 4.34, SE = 0.14 and in the park F(1, 98) = 6.38, p = .013, Swedes 
M = 3.54, SE = 0.12 vs Japanese M = 4.01, SE = 0.14. The results imply that although participants in both 
countries perceived similar thermal conditions, according to the PET index, the Japanese compared to Swedish 
participants evaluated the current weather differently. The Japanese park visitors also estimated the current 
weather less good for outdoor activity than the Swedish park visitors did, F(1, 98) = 25.95, p = .000, Japanese M 
= 2.52, SE = 0.18 vs. Swedes M = 1.34, SE = 0.14. 

How do you perceive the place right now? The main effects of Culture showed that Swedes estimated the 
square and the park as significantly colder than the Japanese did, in the square F(1,105) = 8.60, p = .004, 
Swedes M = 3.40, SE = 0.19 vs Japanese M = 4.13, SE = 0.16 and in the park F(1, 96) = 6.57, p = .028., Swedes 
M = 3.72, SE = 0.17 vs. Japanese M = 3.85, SE = 0.17 (see Figure 2). Furthermore, the Swedish participants 
estimated the square as significantly more beautiful F(1,105) = 8.03, p = .006 and pleasant F(1,105) = 9.73, p = 
.002 than the Japanese participants did. However, the opposite result yielded for the park, where Swedes 
evaluated the park as less pleasant than Japanese did F(1, 96) = 22.02, p = .000, Swedes M = 4.31, SE = 0.11 
vs. Japanese M = 4.39, SE = 0.12.  

Thus and despite  the fact that Japanese were exposed to a lower mean PET (0.9 °C) they estimated the pa rk 
as warmer than did Swedes. In the square, Japanese were exposed to a slightly higher mean PET than did 
Swedes (0.4 °C), still they estimated the square as warmer than did Swedes. It must be noted however that some 
of the differences on the cold-warm scale may be explained by the slightly more cloths worn by the Japanese 
participants.   
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Figure 2. Mean “cold – warm” evaluation of “the current weather today” in participants visiting a Swedish vs. a 
Japanese square and park. 
 

How do you feel right now in this place? A significant interaction between Culture and Attitude showed that 
Swedish urban compared to open-air persons felt more glad in the square and that the opposite effect applied for 
the Japanese urban and open-air persons,  F(1,104) = 5.37, p = .023. Furthermore, there was no difference 
between Swedish and Japanese open-air persons in how glad they felt but a difference between urban persons 
indicating that Swedish urban compared to Japanese urban persons felt more glad in the square. Finally a main 
effect of Culture showed that Swedish participants felt more glad than Japanese participants did in the square, 
F(1,104) = 5.26, p = .024; Swedes M = 2.22 SE = 0.17 vs Japanese M = 2.73, SE = 0.14). The same applied for 
the park, where the Swedes were shown to feel emotionally better in the park than did Japanese; that is more 
glad (F(1, 96) = 37.36, p = .000, Swedes M = 1.38, SE = 0.12 vs. Japanese M = 2.50, SE = 0.14, more elated 
(F(1, 95) = 22.74, p = .000, Swedes M = 2.09, SE = 0.11 vs. Japanese M = 2.95, SE = 0.14) and calmer (F(1, 96) 
= 18.39, p = .000, Swedes M = 1.34, SE = 0.11 vs. Japanese M = 2.12, SE = 0.14).  
 How can we explain the differences in place-related emotional state between Japanese and Swedes? 
According to a cultural view, Japanese may have had evaluated ...their own feelings compared to the site... in a 
more neutral way, due to their collectivistic culture that imposes an avoidance of intense personal-related 
judgments. Swedes on the other hand, as members of a western culture, (Eisler et al. 2003, p. 99): “…tend to be 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

207



more concrete in their judgments, and express their experiences more emotionally”, because culture train us how 
and when to express emotions (e.g. Markus and Kitayama 1994). 

 
5. CONCLUSION 
 
Two studies predicted that persons living in different cultures with different environmental attitudes might 
subjectively assess urban places differently despite similar thermal conditions. Consistent with this prediction, 
Swedes evaluated current weather and places as colder than Japanese did. They also evaluated differently the 
places’ aesthetical qualities. Swedish urban and Japanese open-air persons were shown to feel best in the 
squares and it was indicated that Swedes felt more pleasant in both urban places than Japanese did. 

In sum, the results presented suggest that thermal, emotional and perceptual assessments of a physical 
place may be intertwined with psychological (individual) and socio-cultural processes, rather than fixed by general 
thermal indices developed in line with the physiological heat balance models, meaning that thermal comfort 
indices may not be applicable in different cultural/climates zones without modifications and that psychological 
process must be taken into account. 
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Abstract 
 
The paper discusses the perception of windiness in the urban environment and especially its visual aspects. 
Various urban spaces in two cities, both with a reputation of being windy, have been chosen for field studies. 
Perceived windiness of the spaces has been investigated through questionnaire surveys and on-site interviews 
simultaneous to climate measurements. Result: Windy has a negative connotation that interacts with other 
environmental aspects such as beauty and comfort. Also naturalness and mental images of what constitutes 
sheltered and windy places seem to influence the survey as well as the on-site assessments of windiness.  
  
Key words:  wind perception, wind comfort, urban spaces 
 
 
1. INTRODUCTION  
 
Various methods to describe and assess wind conditions in urban spaces have been presented by researchers in 
different parts of the world, e.g. Penwarden in Britain (1973) and Murakami et al in Japan (1986). Some criteria to 
assess the results include the gustiness of the fluctuating near-ground winds; some are differentiated with respect 
to the function of the space. Comparisons, as far as this is possible, show that different methods applied to the 
same wind environment give very different results, (Koss 2004). Local climate and local culture are likely to 
influence how the wind conditions are perceived.  
 
Wind conditions in the urban environment are usually assessed in terms of comfort, referring to the sensation of 
the wind force or the wind chill on the body. Studies on outdoor thermal comfort, however, indicate that people are 
comfortable in the climate they are habituated to. They adapt in various ways, as demonstrated by Nikolopoulou 
et al (2005). And there are other climatic qualities to assess. People perceive the environment with their eyes. 
The wind conditions of every day life are most easily estimated by their visual effects. The wind is nested in the 
environment and becomes part of what is perceived as ugly or beautiful, natural or man-made. 
 
The objective of the research presented here is to investigate how wind conditions in various urban outdoor 
spaces are perceived and assessed; hypothetically as an integrated part of the environment. The context is 
normal wind conditions and urban spaces typical for Nordic cities.  
 
2. METHODS   
 
Two cities, both with a reputation of being windy, have been chosen for the field studies. Luleå, 64º N, is situated 
in the least windy part of Sweden and Göteborg, 58º N, in the windiest part. Winter lasts for six months in Luleå 
and for two months in Göteborg. Wind statistics from airports situated about 5 km from the city centres, 
complemented with estimated median velocities, are used in describing the local wind conditions. 
 
The field studies began with a survey of beliefs, habits, and attitudes in relation to climate and urban outdoor 
spaces. Almost 600 people living or working in each city centre responded. Some survey questions were followed 
up in telephone interviews, e.g. the questions on the climate in general, “How do you describe the climate of the 
city?”, and the microclimate and environment of the urban spaces that were later selected for the case studies, 
“How do you assess the environmental qualities of the different spaces?” Likert scales with five response 
categories from calm to windy, from cold to warm, from ugly to beautiful etc. were used.  
 
Various urban spaces in Göteborg and Luleå were selected for case studies. The expected microclimate was the 
main criterion for selection, i.e. with respect to ”naturalness” and exposure to sunshine and wind. The spaces 
differ in function depending on their location, and in terms of social and physical properties, see table 1. 
Simultaneous climate measurements, observations and interviews were conducted during four hours 20 days in 
each city, covering all four seasons. Two places were measured each day. The climate measurements were 
made in one point in the middle, approximately where most people passed. Wind speed and direction were 
measured ¼ second at 2 m and saved as 1-minute means and standard deviations. 
 
The interviews were made in all spaces all the 20 days. The questions analysed here mainly concern 
assessments of the environmental qualities of the place: “How do you perceive this place right now?”.  Questions 
on the duration of outdoor staying, the frequency of visiting the place and the reason for being there were also 
investigated in order to try to explain the individual variation in climate assessments. 
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3. RESULTS AND DISCUSSION 
 
3.1. Macro and local wind climate 
 
The airport of Göteborg is twice as windy as the airport of Luleå. The yearly median wind velocity is almost 6 m/s 
compared to 3 m/s. Both airports are situated about 5 km from the city centres. Median velocities were calculated 
for the two case study spaces on the water front in both cities, resulting in 4,5 m/s for Jussi Björlings plats in 
Göteborg and 3,2 m/s for Södra Hamnen in Luleå. Södra Hamnen in Luleå, including the whole city centre on the 
narrow peninsula, has a very wind exposed position. Södra hamnen is more exposed than Jussi Björlings plats, 
which is much more exposed than most parts of the much larger city centre of Göteborg. 
 
3.2. Survey of beliefs, habits and attitudes to clim ate and outdoor environment 
 
“Windy in comparison with what?” was a legitimate comment to the survey question on the wind climate of the 
city. According to the telephone interviews most interviewees have answered the question by comparing the 
windiness of the different seasons. The question turned out to be very useful because it brought about many 
spontaneous comments.  47 comments (7 % of the responses) from Luleå concerned the windy urban 
environment. Most interviewees explained the windy conditions as caused by the exposed location of the city, and 
many added that the form of the buildings and the layout of streets reinforced the windiness. 26 comments (4 %) 
from Göteborg dealt with the windy conditions, in most cases windiness in combination with rain and unpleasant 
weather. The windiness of Luleå is a prominent feature of the urban environment, more prominent than in 
Göteborg, and with a much more positive loading. From the above wind statistics and estimations of median wind 
speeds, however, we cannot show that it is windier in the streets of Luleå in terms of an absolute wind speed, 
because there exists no representative measuring point. 
   
The ranking of the spaces according to assessed windiness in the survey was the same as the ranking we made 
when choosing the spaces, figure 1. The spaces on the waterfront, Södra hamnen in Luleå and Jussi Björlings 
plats in Göteborg, were assessed as the windiest spaces in each city. Kronhusbodarna was not only assessed to 
be the least windy, but also the most beautiful and pleasant space in Göteborg. Windiness, like ugliness and 
unpleasantness, has a negative connotation. In spaces like Gustav Adolfs torg and Storgatan the assessments as 
windy, ugly and unpleasant are correlated. In Jussi Björlings plats and Södra hamnen they are not. It was 
assumed that the windiness in the latter places is perceived as part of their naturalness, and therefore not looked 
upon as negatively. This is in line with results from a comparison between wind assessments and measurements 
in housing environments with “man-made” and naturally produced windiness (Westerberg 1994). 
 
Figure 1. Survey assessments of urban spaces in 
Göteborg and Luleå on 5-graded Likert scales 

Figure 2. On-site interview assessments of urban 
spaces in Göteborg and Luleå on 5-graded Likert 
scales 
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3.3. Measured wind conditions  
 
Measured mean wind speeds at 2 m for all the spaces during all the measurements happened to be the same, 
1,7 m/s, in both cities, exceeding 4 m/s during less than 5 % of the time. Jussi Björlings plats and Södra Hamnen 
are by far the windiest. They are almost twice as windy as the space that was measured at the same time. The 
windiness at the other spaces differed less. Kronhusbodarna, however, turned out to be unexpectedly windy in 
contrast to the assessments made by the survey respondents as well as by us. In total, and during 4 of the 7 days 
of simultaneous measurements, Kronhusbodarna was slightly windier than the open space of Gustav Adolfs torg 
in terms of mean wind speed, table 1.  
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The wind measured in the spaces is more turbulent in Luleå than in Göteborg. This may explain why, according to 
the survey, windiness is a much more prominent feature of the Luleå weather. The more turbulent winds in Luleå 
may be created by the layout, the free view to the sea from each street crossing, demonstrating wind exposure. 
  
Gustav Adolfs torg, in average, is more turbulent than the narrow and presumably more sheltered space of 
Kronhusbodarna, table 1. The less turbulent wind conditions may be part of the explanation why, in the survey, 
Kronhusbodarna is assessed as the least windy space. Another explanation, however, is that the survey 
respondents base their conclusions on a general knowledge about buildings and windiness. 
  
3.4. Perceived windiness  
 
The place-related wind assessments are significantly correlated to measured wind, either it is calculated as 
means over 1 or 10 minutes, and either the turbulence intensity is taken into consideration or not, figure 3. 
 
The place-related wind assessments are significantly correlated to the air temperature, figure 4. They are also 
correlated to the assessment of (thermal) comfort, which is correlated to the mean wind speed, confirming the 
significance of wind chill in the perception of windiness. Physical activity and time spent outdoors before the 
interviews are important because they influence the thermal condition of the interviewee. There is, however, no 
correlation between assessed in relation to measured windiness and time spent outdoors, time spent at the place, 
or physical activity before the interview.  
 
Figure 3. Mean on-site place-related assessment of 
windiness with respect to measured windiness calculated 
as means over 1 and 10 minutes, without or adding 1 
standard deviation. 

Figure 4. Mean on-site place-related assessment 
of windiness with respect to measured windiness 
and air temperature. 
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3.5. Comparisons between the urban spaces  
 
The climate and culture of Göteborg and Luleå are different, and the survey results indicate that there are 
qualitative differences in perceived and measured windiness between the cities. Controlling for temperature, 
however, there was no overall significant difference in the place-related wind assessments in relation to measured 
wind either the turbulence was taken into account by adding one standard deviation or not.  
 
At the same wind speed, calculated as mean wind speed, with or without the addition of 1 standard deviation, 
Gustav Adolfs torg is assessed as windier than Kronhusbodarna, and Storgatan is assessed as windier than 
Södra Hamnen. These differences are attributed to the interaction of perceived naturalness, beauty and shelter 
from the wind: Gustav Adolfs torg compared to Kronhusbodarna is perceived as less beautiful and more exposed, 
both reinforcing the negative meaning of windiness. Storgatan compared to Södra hamnen is perceived as less 
beautiful and less natural, which outweighs that, according to the survey, it is seen as more sheltered. 
 
Living or working near the places, visiting them often or occasionally, made no significant difference in the survey 
or on-site windiness assessments. It is therefore assumed that the place-assessments are based on conceptions, 
e.g. of what makes places windy, almost as much as they are based on earlier experiences and on-site 
sensations of wind chill and beauty. The psychologist and amateur meteorologist Trevor Harvey (2003) has made 
a similar conclusion when comparing people’s memories of Christmas weather and the meteorological Christmas 
weather in Britain: “There might be a top-down influence on prototype formation: we do not just aggregate 
memories, as our beliefs also have an effect on how the prototype is formed. These beliefs may have a cultural 
rather than memorial origin.” Kronhusbodarna belongs to the prototypes of sheltered places. Its small-scale 
closeness gives the impression of shelter from wind, but also from other negative elements like traffic and noise. 
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Table 1. Mean values from on-site measurements and interviews for the same 6 days in Luleå and the same 7 
days in Göteborg during 4 hours. The bars show mean wind speeds and mean wind speeds including 1 standard 
deviation in m/s, windiness and visual assessments are made on 5-graded Likert scales. 
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4. CONCLUSIONS 
 
Simultaneous measurements and assessments showed that there is a significant but weak correlation between 
perceived windiness and measured wind speeds, and that the environment is perceived as windier at lower 
temperatures. The weak correlations confirm that there are a number of other factors influencing the answers, i.e. 
other than comfort measured by wind force and wind chill. Windy generally has a negative connotation, 
influencing the perception of the environment, neutralising or reinforcing it in a negative or positive direction. 
 
The survey and telephone interviews showed that people’s mental images of windy and sheltered influenced the 
assessment of the place as much as their personal experience of it. These images also seemed to have 
influenced their on-site assessments of windiness. A place that looks sheltered is perceived as more sheltered.  
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Abstract 
 
The paper presents the results of experimental research of bio-thermal conditions - as defined by subjective 
temperature (ST) - in Warsaw and Bydgoszcz (Poland). Seasonal and spatial differentiation of bio-thermal 
conditions were studied in local and micro scales. Air circulation characteristics are also considered  
 
Key words: bioclimate, urban areas, Poland, local climate, micro climate 
 
1. INTRODUCTION  
 
Because of great importance of urban areas for the human beings lived there the urban climate should be 
considered from the point of view of the human organism (Blazejczyk 2002, Matzarakis, Mayer 1991, Oke 1987). 
Meteorological stimuli influence physiological sensors in humans and they activate specific adaptation reactions. 
These meteorological-and-physiological interactions are called bio-thermal conditions. There are various 
measures that are in use to assess bio-thermal conditions. The most recent (e.g. subjective temperature, 
physiological strain) are derived from the human heat balance considerations (Blazejczyk 2005).  
 
The aim of the paper is to present spatial, seasonal and temporal variability of subjective temperature in some 
cities in Poland (Warsaw, Bydgoszcz) and their relations with air masses. The special attention will be paid for 
various urban structures and green areas in the city. Finally, the general model of bioclimatic conditions of the 
large city is presented. 
 
2. MATERIALS AND METHODS   
 

The studies based on three types of data. 
The first one were multiannual (1994-
2001), daily data from Warszawa-Okecie 
meteorological station. We also used data 
from the period 2000-2002 from 
automatic weather stations situated in the 
Warsaw downtown (Twarda) and in the 
rural area (Borowa Gora, 30 km north 
from Warsaw). The studies of spatial 
differentiation of bio-thermal conditions in 
local scale based on the network of 11 
biometeorological stations which worked 
from June 2001 to Mai 2002    (Fig. 1). 
 
 
 
 
 
 
 
 
 

Fig. 1. Location of meteorological and 
biometeorological stations in Warsaw;  

1 – suburban area, 2 – urban area, 3 – 
forests and parks, 3 – water bodies, 5  - 

rivers, 6 – roads, 7 – administrative 
border of Warsaw, 8 – meteorological 

stations, 9 – biometeorological stations  
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The third studies deal with micro scale differentiation of bio-thermal conditions. The residential district Kapusciska 
in Bydgoszcz was chosen in this purpose. The district consists of 3-4 floor buildings constructed 40 years ago 
(see Fig. 4). Bio-thermal conditions were defined by the walking measurements of subjective temperature with the 
use of special thermal sensations meters. The field campaign was carried out in June 2004. The results of 
measurements were compared with the simulations of bio-thermal conditions made with the use of RayMan Pro 
software package (Matzarakis et al., 2000) . 
 
3. RESULTS 
 
3.1. Seasonal changes in subjective temperature 
 
The climate of Poland is characterised by 
great seasonality. This is also seen when 
analysing subjective temperature. 
However, air masses strongly influenced 
subjective temperature. The lowest ST 
values were observed at arctic and 
transformed polar maritime air masses 
and the highest ones at subtropical air 
mass (Fig. 2). 
 
 

Fig. 2. Mean values of subjective 
temperature at various air masses, 

Warszaw, 1994-2001; A – arctic, Pk – 
polar continental, PM – polar maritime, 
PMt – transformed polar maritime, S – 

subtropical 

-10

0

10

20

30

40

50

Jan Feb Mar Apr Mai Jun Jul Aug Sep Oct Nov Dec

A

PK

PM

PMt

S

ST  (oC)

 
 
3.2. Spatial differences in subjective temperature in local scale 
 
Measurements of subjective temperature (ST) carried out in various parts of Warsaw agglomeration provided 
information dealing with large scale differentiation of bio-thermal conditions. In comparison to the rural area the 
warmest were Downtown and Industrial areas as well as Residential districts with specific architectural structure 
(high blocks). The milder bio-thermal conditions were registered in Forest and Suburban areas with old trees (Fig. 
3). It was also noted that in Downtown and in Industrial district ST values during daytime hours were relatively low 
due to great shading by buildings.  
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Fig. 3. Differences in subjective temperature (dST) between rural area and various sites of Warsaw 
agglomeration, 2001-2002. 
 
3.2. Spatial differences in subjective temperature in micro scale 
 
In the micro scale of residential area subjective temperature was significantly depended on the size, high and 
orientation of buildings. At well insolated sites ST was significantly higher then at the reference site (open air 
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station). However, at the sites with dense vegetation that cover the courts (points G, 9 and 10 at Fig. 4) ST is 
lower then at reference site. 
 
For the simulation of subjective temperature inside 
the residential area two courts were chosen. Their 
size is 25x55 m, surrounded by 15 m high 
buildings. The first court was with group of 10-15 
m deciduous trees (site 10 at Fig. 4) and the 
second one without trees (site B at Fig. 4). It is 
seen that during sunny summer midday due to 
various insolation of selected sites ST can be 
differentiated of about 20°C. At sunny place ST 
can be of 4-5°C higher then in reference site. 
However, at shaded place ST is of 13-14°C lower 
then in open area (Fig. 5). The results of 
simulations shows great significance of direct solar 
radiation in creating bio-thermal conditions inside 
urban structures. 
 

 
 
 
 
 
 
 
 
 
 

-15

-10

-5

0

5

d
S

T
 (

o
C

)

sunny site shaded site

 
Fig. 5. Differences in subjective temperature (dST) 
between standard open air station and sunny vs. 
shaded sites of studied courts (RayMan Pro 
simulations for sunny summer midday) 

 

Fig. 4. Differences in subjective temperature (dST) between 
various parts of residential area Kapusciska in Bydgoszcz 

(Poland) and standard meteorological station,  
mean values for June 2004 

 
4. CONCLUSIONS 
 
Bio-thermal conditions of urbanised areas are formed mainly by: 
- astronomical factors which influence seasonal changes in solar radiation and air temperature, 
- air circulation factors (air mass, air advection) which modify physical properties of ambient environment of 
humans, 
- anthropogenic factors which are manifested mainly by changes in land use and land cover; the principal feature 
of the city climate is urban heat island. 
 
The greatest daily contrasts in bio-thermal conditions are observed in new built villa suburban districts. During the 
nights subjective temperatures are there very low. However, in day time subjective temperature can reach the 
highest values (in comparison both, to the city centre and to the rural area). 
 
The greatest spatial contrasts in bio-thermal conditions are observed in the city centre. Differences in subjective 
temperature between insolated and shaded parts of the street canyons can reach 20-25°C in warm, sunny 
summer days.  
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In the micro scale of particular residential areas bio-thermal conditions depend mostly on local insolation and 
winds. Well insolated courts are warmer then open air 1°C in average and 5°C in sunny summer midday. 
However courts with trees are cooler of about 0.5°C  in average and up to 14°C in sunny midday. 
 
The results of  the studies allows to propose the following, general model of bio-thermal conditions within 
urbanised areas (Fig. 6). Spatial differentiation of subjective temperature is indicated for midday as well as for 
night hours.  
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Fig. 6. The general model of bio-thermal conditions of urbanised areas; dST – shows relative values of subjective 
temperature (in comparison to rural area) during midday and night hours along the profile W; 
A – rural area, B – suburban residential district, C – open areas inside the city, D – „block” settlements, E – park, 
F – trees-shaded streets, G – shaded street canyon, H – insolated street canyon. 
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Abstract 
 
This paper discusses the influence of urban design on the outdoor thermal comfort in Colombo, Sri Lanka. The 
aim is to evaluate different street designs from a thermal comfort perspective and to suggest possible improve-
ments. The analysis is carried out through numerical modelling by using ENVI-met, a three-dimensional model, 
which predicts the microclimate in urban environments. Simulations are run for several street canyon geometries 
and orientations. Special emphasis is given to the effect of architectural details such as pedestrian arcades, 
shading trees and albedo of façades and street. The thermal comfort is estimated by calculating the 
physiologically equivalent temperature (PET). 
 
Key words: Outdoor thermal comfort, Street design, Hot-humid climate 
 
1. INTRODUCTION 
 
The outdoor environment is deteriorating in many tropical cities due to rapid urbanization. This leads to a number 
of problems related to the health and well-being of humans and negatively affects social and commercial outdoor 
activities. A poor outdoor climate will also negatively affect the indoor climate and lead to increased energy use 
(Rosenlund et al., 2006). It is therefore important to improve the microclimatic conditions around buildings in 
urban environments. 
 
Earlier work in Colombo, Sri Lanka (Emmanuel & Johansson, 2006) indicate that urban design has a significant 
impact on the urban microclimate and that intra-urban differences tend to be bigger by day than by night. Climatic 
parameters such as air temperature and wind speed were shown to depend on the height to width (H/W) ratio. 
Calculations by Johansson and Emmanuel (In press) showed that outdoor thermal comfort in Colombo is very 
poor in general and far above acceptable comfort standards, especially around midday. The worst conditions 
were found in wide streets with low-rise buildings and no shading trees. 
 
In this paper, we study the relationship between street design and outdoor thermal comfort in the city of Colombo, 
Sri Lanka. The outdoor thermal comfort is estimated by calculating the physiologically equivalent temperature 
(PET) (Höppe, 1999). 
 
2. METHOD 
 
The microclimate at street level is simulated with ENVI-met 3.0 (Bruse 2004). The programme uses a three-
dimensional computational fluid dynamics and energy balance model. The ground is modelled in detail requiring 
properties of density, specific heat and thermal conductivity for the different layers. The buildings are however 
somewhat simplified: they have no thermal mass and the values of thermal transmittance (U-value) and albedo is 
the same for all roofs and all walls. Moreover, the indoor temperature in the buildings is constant and equal for all 
buildings. The fact that buildings have no thermal mass may affect surface temperatures of the façades and, 
consequently, the mean radiant temperature as well as the air temperature at street level.  
 
For this study, we have chosen a fairly clear day in May, a month which is characterized high temperature and 
humidity (see Emmanuel & Johansson 2006). 
 
2.1. Base case model 
 
The canyons were modelled according to Fig. 1a. In order to avoid influences from the canyon ends, the length-
to-width ratio of the canyon was kept constant at 15. The two buildings were enclosed by a wall of the same 
height as the buildings (12 m) to avoid advection from the nesting areas. The distance between the buildings and 
the wall was kept equal to the street width (W). In all simulations, the wind was perpendicular to the long-axis of 
the street canyon. 
 

                                                           
* Corresponding author address: Erik Johansson, Housing Development & Management, Lund University, PO Box 118, SE-
22100 Lund, Sweden. E-mail: erik.johansson@hdm.lth.se 
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The base case consists of an urban canyon without vegetation having a H/W ratio of 1.3 (Fig. 1b). The input data 
are shown in Table 1. Direct and diffuse radiation are calculated by the programme as a function of latitude, 
longitude and cloud cover. 
 

Table 1: Input data for the simulations (base case) 
Longitude and latitude 79.9°E, 6.9°N Clouds, low hei ght 1 octa 
Specific humidity (at 2500 m) 20 g/kg Clouds, medium height 3 octas 
Relative humidity (at 2 m) 85% Building indoor temp. 26°C 
Wind speed (at 10 m) 2 m/s U-value walls & roofs 1.5 W/m²K 
Initial temperature (at 2500 m) 28°C Albedo walls 0. 4 
  Albedo street 0.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Plan of the model area (left) and section of the street canyon of the base case (right). 
 
2.2. Parametric study 
 
We made a parametric study to find out the influence of different parameters on the thermal comfort and only one 
parameter was changed at the time. The studied design parameters are shown in Table 2.  
 

Table 2: Studied parameters (the base case is shown in bold) 
H/W ratio 0.12, 0.6, 1.3, 4 
Street orientation E-W, N-S 
Wall albedo 0.2, 0.4, 0.6, 0.8 
Street albedo 0.1, 0.2, 0.3, 0.4 
Pedestrian arcades No, Yes 
Shading trees No, Yes 

 
The effect of pedestrian arcades and shading trees was simulated according to Fig. 3.  
 
The ENVI-met output includes air temperature, mean radiant temperature (MRT), humidity and wind speed. The 
PET index was calculated at pedestrian height (1.5 m). From the results of the parametric study, we elaborated 
“optimum” designs. 
 
3. RESULTS 
 
The results are shown as the maximum daytime PET, which was defined as the PET at 14:00 h. The humidity 
was assumed 33.5 hPa (based on measurements, see Emmanuel and Johansson, 2006). The wind speed 
calculated by the programme was less than 0.1 m/s. Since measurements had shown higher values (Emmanuel 
and Johansson, 2006), we considered a wind speed of 0.6 m/s in the base case to be more realistic when 
calculating the PET.  
 
3.1. Effect of height to width (H/W) ratio, orientation and surface albedo 
 
The influence of the H/W ratio and surface albedo on the maximum daytime PET is shown in Fig. 2. The trend is 
that the PET is decreasing with increasing H/W ratio; the highest maximum PET values were found for H/W ratios 
of about 0.5 which are about 10°C higher than for H /W = 4. N-S oriented streets have lower PET values than E-W 
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oriented streets; this trend is increasing with increasing H/W ratio. PET is increasing with higher surface albedos, 
but the effect is small, only 5°C between the darke st and lightest alternative. 
 
3.2. Effect of shading at street level 
 
The effect of shading by pedestrian arcades and trees on the maximum PET is considerable as shown in Fig. 3. 
Opaque shading is slightly more efficient than trees, since the tree canopies let some solar radiation though. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: The maximum daytime PET (at 14:00 h) as a function of the H/W ratio (left) an surface albedos (right).  
(αst = albedo of the street) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Effect of shade on the maximum PET (at 14:00 h) in an E-W oriented canyon:  
the effect of pedestrian arcades (left) and the effect of shading trees (right). 

 
3.3. Optimum design 
 
The results from the parametric study showed that a street should have a high H/W ratio, have dark surface 
colours (low albedos), be oriented N-S and be provided with horizontal shade through arcades, trees or similar.  
 
Examples of “optimum” (best case) designs of street canyons are shown in Fig. 4. As regards the H/W ratio, it is 
not realistic with only very narrow streets, as it would hinder transportation by car; therefore, two possible streets 
are chosen: one pedestrian street with H/W = 4 and one street aimed for motor traffic with H/W = 2. Dark colours 
were chosen (albedo 0.1 for the street and 0.2 for the walls). Horizontal shade is provided through projecting first 
floors and shading trees. Although a N-S orientation was found to be preferable, the “optimum” designs shown for 
E-W oriented streets. The maximum PETs for the canyons are shown in Fig. 4. 
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Fig. 4: Examples of “optimum” E-W oriented street canyons for Colombo: a pedestrian street (left), b) a street 
aimed for motor traffic (right). The maximum PET (at 14:00 h) is shown for different parts of the canyon. 

 
4. DISCUSSION & CONCLUSIONS 
 
Simulations with ENVI-met show that high H/W ratios are favourable from a thermal comfort point of view. 
Moreover, the effect of lower PET with increasing H/W ratio is stronger for N-S oriented streets.  
 
Around noon, approximately 10:00–14:00 h, shade cannot be provided by the buildings alone. The simulations 
show that the use of pedestrian arcades and shading trees significantly lowers the MRT and hence give 
considerably lower PET values.  
 
The simulated effect of surface albedo is limited and the results are contrary to the common belief that light 
colours are preferable from a thermal comfort point of view since they give lower surface temperatures (see 
Emmanuel et al., 2006). Here, the opposite was found: the MRT (and hence PET) increased with increasing 
surface albedos. The reason is probably that the increase in reflected solar radiation is bigger than the decrease 
in long-wave radiation from the surfaces when the albedo increases. The results may, however, be related to the 
fact that ENVI-met does not take the thermal mass of buildings into account. 
 
We conclude that for the hot-humid climate of Colombo, a compact urban form can provide far more comfortable 
conditions than a dispersed urban form. By combining high H/W ratios and the provision of shade through 
pedestrian arcades or shading trees, fairly low maximum PET values can be achieved. The PET in shade in such 
canyons is about 15°C lower than for a person expos ed to direct solar radiation in a wide canyon (H/W ≈ 0.5).  
 
The disadvantage with deep canyons is, however, that wind speeds are low. A way to both provide shade and air 
movement is to use detached blocks instead of wall-to-wall developments. Buildings could also be built on stilts to 
further stimulate air movements at street level. These design options need further investigation. 
 
ENVI-met proved to be a useful tool to simulate the urban microclimate. However, the fact that thermal mass of 
building is not considered is a shortcoming, which may give misleading results, especially for high building 
densities where buildings dominate over the ground.   
 
References 
Bruse, M., 2004. ENVI-met website. http://www.envi-met.com 
Emmanuel, R., Johansson, E., 2006. Influence of urban morphology and sea breeze on hot humid microclimate : 

the case of Colombo, Sri Lanka,. Climate Research, ms no. C 617 
Emmanuel, R., Rosenlund, H., Johansson, E., 2006. Urban morphology manipulation to promote climate sensitive 

urban design in the tropics: reflections on Colombo, Sri Lanka. Paper presented at ICUC-6 conference, 
Göteborg, Sweden, 12-16 June 2006 (these Proceedings). 

Höppe, P., 1999. The physiological equivalent temperature – a universal index for the biometeorological 
assessment of the thermal environment. Int. Journal of Biometeorology, 43, 71-75 

Johansson, E., Emmanuel, R., In press. Influence of urban design on outdoor thermal comfort in the hot humid 
city of Colombo, Sri Lanka. Int. Journal of Biometeorology. 

Rosenlund, H., Johansson, E., Emmanuel, R., 2006. UHI and buildings – Effect of urban heating on the energy 
use in commercial buildings in a warm-humid city. Paper presented at ICUC-6 conference, Göteborg, Sweden, 
12-16 June 2006  (these Proceedings). 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

220



STUDY ON THERMAL EVALUATION METHOD FOR HOT OUTDOOR ENVIRONMENTS 
Shinsuke Sawasaki*, Ryozo Ooka**, Tomonori Sakoi***, Kazuyo Tsuzuki*** and Yuriko Minami**** 

*East Japan Railway Company, Tokyo, Japan;  
**Institute of Industrial Science, The University of Tokyo, Tokyo, Japan;  

***National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan;  
****Graduate School, The University of Tokyo, Tokyo, Japan 

 
 
Abstract 
 
Recently, we have witnessed a significant increase in heat disorders in urban areas. An appropriate thermal index 
is required in order to determine the risk of such incidents. The authors aim to develop an index for hot outdoor 
environments, and the purpose of this paper is the verification of existing human thermal regulation models, i.e. 
the 2-Node Model (2NM) and Predicted Heat Strain Model (PHS Model). Subject experiments are performed in a 
laboratory to better comprehend the physiological response of the human body to heat. The results are compared 
with the computed values from 2NM and the PHS Model. Additionally, the relationship between the metabolic and 
sweating rates is presented and the policy for the modification of the sweating model in 2NM is discussed. 
 
Key words: Hot Environment, Thermal Evaluation, Physiological Regulation Model 
 
 
1. INTRODUCTION 
 

Recently, the outdoor thermal environment in urban areas 
has deteriorated during summer. There is extended potential for 
serious ailments like “heat disorder” arising in such harsh hot 
outdoor environments. Fig. 1 shows changes in the number of 
fatalities ascribed to heat disorder in Japan. The hatched 
columns indicate particularly hot years. Their correlation to the 
increased death toll is evident and demonstrate a chronic surge 
in the latter years. Hereafter, heat disorders are also certain to 
rise. Accordingly, an appropriate methodology is required in 
order to account for the risk of such incidence. 

Many researchers are seeking to evaluate the thermal environments in urban, outdoor or semi-outdoor areas. 
These tend to be evaluated as Standard Effective Temperature (SET*) using the 2-Node Model (2NM), Wet Bulb 
Globe Temperature (WBGT), Physiological Equivalent Temperature (PET), and suchlike. However, the 
physiological response is not examined in any detail in these models under extremely hot environments. On the 
other hand, the Predicted Strain Model (PHS Model) sets out to evaluate the safety of working conditions in hot 
environments. 

The authors aim to develop an appropriate thermal index to evaluate hot outdoor environments. The purpose 
of this study is the validation of 2NM and PHS Model in hot environments. Subject experiments are performed in a 
laboratory to comprehend the physiological response of the human body to hot environments. The results, 
measured as core temperatures, skin temperatures and sweating rates, are compared with the computed values 
from the 2NM. Additionally, the relationship between metabolic and sweating rates is presented, and the policy for 
modification of the sweating model in 2NM is discussed. 
 
2. SUBJECT EXPERIMENT 
 
2.1. Outline 
 

The aim of these laboratory subject experiments is to comprehend the physiological response of the human 
body to hot environments. Fig. 2 shows the setup for the experiment, while Table 1 presents an outline of the 
subject experiment. This experiment is performed in a test chamber whose air temperature and relative humidity 
can be arbitrarily controlled. 

 
 

 
Fig.2: The experimental scene 

Table 1: Outline of the subject experiment 

Time 
Exp. A: From 29 November to 20 December 2004 
Exp. B: From 1 to 15 August 2005 
Exp. C: From 9 to 23 January 2006 

Place Ultimate Environment Test Chamber, I.I.S., The Univ. of Tokyo 

Subject 17 men and 17 women in healthy condition, aged 18 to 24 

Content Measurement of physiological factors 
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The subjects were 34 healthy individuals. Soon after the experiment began, they changed into clothes for 
the experiment and had probes attached to measure their skin temperature. They rested for over 60 minutes in an 
anterior room, then remained for 60 or 45 minutes in the test chamber. During the test-chamber period, all 
physiological factors were measured and declarations of psychological factors were accepted. 
 
2.2. Measurement Factors 
 

Table 2 presents the measurement items. Core temperature is measured as the tympanic temperature by an 
infrared radiation sensor. Mean skin temperature is calculated from eight skin temperature sensors (on the 
forehead, right back, left upper chest, right upper arm, left lower arm, left hand, right anterior thigh and left calf) by 
weight averaging based on ISO 9886. Sweating rate is calculated from the change of weight (water loss) 
determined by a precision weight scale. 

2.3. Experimental Conditions 
 

Table 3 shows the conditions for 
each case. While the conditions 
created in the experimental chamber 
differ from real outdoor environment 
in terms of radiation and wind, these 
conditions were selected as uniform 
environments in which transitions of 
physiological factors can be 
measured accurately. The results for 
Case 4 are only used in the 
subsequently described investigation into sweating rates of 2NM. For the safety of the subjects, the experimental 
span for Cases 1 and 4 was shortened to 45 minutes. 

Case 0 represents the standard case, while Cases 1, 2 and 3 replicate the effect of activity, temperature and 
relative humidity respectively. In Cases 2 and 4, the subjects walk on a treadmill at a speed of 0.9 [m/s] and 1.6 
[m/s] respectively. A standard set of clothes is worn in all cases, namely a white tee shirt and white short pants. 
 
3. COMPARISON BETWEEN EXPERIMENTAL AND COMPUTED VALUES 
 

Changes in physiological factors will be compared between the experimental values above and the values 
computed using the 2-Node Model (2NM). The 2NM was proposed by A. P. Gagge et al. to calculate the SET* 
and so on. 2NM assumes that the human body is composed of two nodes, i.e. a central core and a skin shell, and 
calculates the thermal balance respectively. The PHS Model was proposed by J. Malchaire et al. for safety 
evaluations in hot labor environments, and is embraced as ISO 7933:2004. The PHS Model predicts transitions in 
core temperatures with consideration for the required evaporative rate to maintain a steady thermal equilibrium, 
the response characteristic of evaporation, and thermal storage of the skin. 

While prediction of thermal physiological responses of the unsteady human body is common to both models, 
they also have some differences in their basic concept. Table 4 shows a comparison between 2NM and PHS 
Model. 
 
4. RESULTS 
 
4.1. Core Temperature 
 

Fig. 3 presents a comparison of the core temperatures in each respective case. The experimental values of 
each case are the average of all subjects. 2NM follows approximately the same excursion and correspond well to 

Table 3: Experimental conditions 
Environmental conditions Human conditions 

Case Air temp. 
[°C] 

MRT* 
[°C] 

RH** 
[%] 

Air velocity 
[m/s] 

Metabolic rate 
[met] 

Clothing 
Insulation [clo] 

0 1.0 

1 
35 35 

2.0 

2 40 40 

50 

3 70 
1.0 

(4) 
35 35 

50 

0.1 

3.0 

0.3 

* MRT = Mean Radiant Temperature, ** RH = Relative Humidity 

Table 2: The measurement items 

Item Place / Method Equipment Interval 
 [min.] 

Air temperature 100 mm / 1,100 mm / 1,700 mm above floor 

Wall temperature 4 wall surface, 16 points 

T-type Thermocouple Thermometer  
and Data logger 1 

Relative humidity 1,100 mm above floor Assman psychrometer 1 

 

Air velocity 1,100 mm above floor Hot-wire anemometer 1 

Metabolic rate Amount of O2 consumption and CO2 production Portable metabolic testing system 1 

Core temperature Tympanic membrane Infrared clinical thermometer 5 

Thermocouple Thermometer  
and Data logger Skin temperature 8 points on skin surface 

Handheld temperature logger 

1 

 

Sweating rate - Precision weight scale 5 

 

E
nvironm

ental 
item

s 
P

hysiological 
item

s 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

222



experimental values in all cases, even though the experimental values are about 0.2°C lower within 5 m inutes 
than 2NM in Case 0 and within 0.1°C higher than 2NM  in Case 2. 
4.2. Skin Temperature 
 

Fig. 4 presents a comparison of skin temperatures in each respective case. In Cases 0, 2 and 3 under low 
metabolic conditions, 2NM corresponds well with the experimental values. However, 2NM does not agree well 
with the experimental values in Case 1 under high metabolic conditions. At the maximum, 2NM is about 0.9°C 
higher than the experimental value, and 2NM does not demonstrate the curve of going up within the first 20 
minutes and then coming down. 
 

Table 4: Comparison between 2NM and PHS Model 
 2-Node Model (2NM) Predicted Heat Strain Model (PHS Model) 

Initial core temp. 36.8 [°C] 36.8 [°C] 

Initial skin temp. 33.7 [°C] 34.1 [°C] 

Convective heat 
transfer 

coefficient 

Maximal value of: 
hc = 5.7 (M – 0.85)0.39 [W/m2·K] (active in still air) 
hc = 8.6 Vwalk

0.53 [W/m2·K] (walking in still air) 
hc = 3.1 [W/m2·K] (seated with moving air, 0<Vair

 <0.2) 

Maximal value of: 
hc = 2.38 |Tsk – Ta|

0.25 [W/m2·K] (in still air) 
hc = 3.5 + 5.2 V [W/m2·K] 
hc = 8.7 V0.6 [W/m2·K] (Seated with moving air) 

Calculation of 
evaporative 

sweating rate 

Assume as signal: 
Σcr, warm = Tcr – 36.8 [-] 
Σsk, warm = Tsk – 33.7 [-] 

 
Skin Evaporative Loss by Regulatory Sweating Ersw 

Ersw = 0.68·170·(Tb – 36.49)·exp ((Tsk – 33.7) / 10.7) [W/m2] 
 
Tb = α·Tsk + (1.0 – α)·Tcr [°C] 
α = 0.0417737 + (0.7451832 / (Vbl + 0.585417)) [-] 
Vbl = 6.3 + 200·Σcr, warm [L/m2·h] 

Required Evaporative Heat Flow Ereq from heat balance of the body 
Ereq = M – W – Cres – Eres – C – R – dSeq [W/m2] 

 
Required Sweat Rate Swreq from rreq 

Swreq = Ereq / rreq [W/m2] 
 
Predicted Sweat Rate at time ti Swp,i from Swp,i-1 and Swreq 

Swp,i = e(-1/10) Swp,i-1 + (1 – e(-1/10)) Swreq [W/m2] 
 
Predicted Evaporative Heat Flow Ep 

Ep = rp · Swp,i [W/m2] 

 
 

36.4

36.6

36.8

37

37.2

37.4

0 5 10 15 20 25 30 35 40 45 50 55 60
Time [min.]

T
em

pe
ra

tu
re

 [d
eg

.C
] Exp.

2NM
PHS

 
(1) Case 0 

 

36.4

36.6

36.8

37

37.2

37.4

0 5 10 15 20 25 30 35 40 45 50 55 60
Time [min.]

T
em

pe
ra

tu
re

 [d
eg

.C
]

Exp.
2NM
PHS

 
(2) Case 1 

 

36.4

36.6

36.8

37

37.2

37.4

0 5 10 15 20 25 30 35 40 45 50 55 60
Time [min.]

T
em

pe
ra

tu
re

 [d
eg

.C
] Exp.

2NM
PHS

 
(3) Case 2 

 

36.4

36.6

36.8

37

37.2

37.4

0 5 10 15 20 25 30 35 40 45 50 55 60
Time [min.]

T
em

pe
ra

tu
re

 [d
eg

.C
] Exp.

2NM
PHS

 

(4) Case 3 
Fig. 3: Comparison of core temp.  
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Fig. 4: Comparison of skin temp.  
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4.3. Sweating Rate 
 

Fig. 5 presents a comparison of sweating rates in Cases 0~3 respectively. In Cases 0, 2 and 3 under low 
metabolism, 2NM corresponds well with the experimental values within 10 [g/m2]. On the other hand, the results 
for 2NM are 50 [g/m2] less than the experimental values, while the PHS Model corresponds well with the 
experimental values in Case 1 under high metabolism. 
 
5. INVESTIGATION INTO MODIFICATION OF SWEATING MODEL IN 2NM 
 

Fig. 6 presents the relationship between metabolic rate and sweating rate on the subject experiment and 2NM. 
The conditions are air temperature = MRT (Mean Radiant Temperature) = 35 [°C], relative humidity = 50 [%], air 
velocity = 0.1 [m/s] and clothing insulation = 0.3 [clo]. Both values are the mean time integrated value in 45 
minutes from start of exposure, and each symbol (□) of experiment indicates a subject. The sweating rate of 2NM 
increases linearly from 1.0 [met] to 4.0 [met], with a gradient of about 43.0 [(g/m2)/met]. On the other hand, the 
gradient of the approximate line of experimental values is 60.4 [(g/m2)/met]. From this Figure, it appears that 2NM 
produces lower readings than the experimental values as the metabolic rate rises. Both values are almost the 
same in the case of 1.0 [met]. 

The following three factors are considered to be the causes of this difference in 2NM. Initially, this sweating 
model may have been developed based on subject experiments in limited environments, and there is the 
possibility that this sweating model was not developed under such high exercise conditions in hot environments. 
Differences in the sweating characteristics of Caucasian and Mongoloid subjects may be also considered as 
another reason, because 2NM was developed in the United States. Additionally, there is the possibility that non-
contribute sweating for heat loss occurred. 
Noting the equation of the sweating model built into 2NM 
in Table 4, the effect of an increase in the metabolic rate 
on the predicted sweating rate is considered though a 
rise in the core temperature concurrent with an increase 
in the metabolic rate. The term concerning the metabolic 
rate is not incorporated directly into the equation of the 
sweating model. However there are some reports 
suggesting that exercise itself stimulates sweating 
independently of the temperature signal. The sweating 
model needs to be reconsidered to accommodate the 
effects of the metabolic rate. 
 
6. CONCLUSIONS 
 

The authors aim to develop an appropriate thermal index to evaluate hot outdoor environments, and the 
purpose of this study is the validation of 2NM in such an environment. Our conclusions are listed as follows. 
 
1) Subject experiments are performed in a laboratory to comprehend the physiological response of the human 

body to hot environments. 
2) The results, being core temperatures, skin temperatures and sweating rates, are compared with the computed 

values from the 2NM. In the 1.0 met cases, values for the core and skin temperatures and the sweating rate 
derived from the 2NM correspond well with experimental values in comparison to PHS. However, in the 2.0 and 
3.0 met cases, the sweating rate does not correspond well with the experimental values, and the core and skin 
temperatures derived from 2NM are also somewhat different from the experimental values. However, the results 
of the sweating rate for PHS are closer to the experimental results than those of 2NM in the 2.0 met case. 

3) The relationship between the metabolic rate and sweating rate is presented, and this is useful for modifying 
the sweating model in 2NM. 

4) There are three themes for future study; additional experiments in various environments, consideration of 
non-contribute sweating, and practical modification of the sweating model. 
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Fig. 6: The relationships between metabolic rate and sweating rate 
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Abstract 
 
In big cities, such as Berlin, a combination of building structure, socio-demographic and weather conditions 
influence the vulnerability of the population to heat waves. Therefore, corresponding data from 1991 to 2003 were 
analysed to find out which are the most important factors. As a first result, it can be said that health risks seem to 
depend more on age than on population density.    
 
Key words: Berlin, heat wave, health risks 
 
 
1. INTRODUCTION  
 
Human well being is linked closely to the thermal conditions of the environment. Beyond a certain threshold, rising 
temperatures are stressful, and can lead to illness and death. In big cities, such as Berlin, several factors combine 
to increase the risks of human vulnerability to heat: the effects of global anthropogenic climate change are 
intensified by the impacts of the urban heat island, and there are a high proportion of vulnerable people in urban 
agglomerations. The combination of heat, variable building structure, and age will cause specific pattern of stress 
and health risks to urban population. The aim is to investigate in which districts of Berlin people are most affected.  
 
2. MATERIALS AND METHODS 
 
For the period from 1991 to 2003 day-to-day data of climate and mortality in Berlin are on hand. Moreover, 
mortality data are available separately for sex, reason of death (after ICD-09 resp. ICD-101), and for age 
(>< 50 yrs) or local district. By comparing the different specific data sets it becomes obvious that there are 
incidentally climatic events with overkill. The meteorological attributes of these special weather conditions were 
analysed, as well as the spatial distribution of the deceased within the urban administrative districts of Berlin. 
 
3. RESULTS 
 
3.1. Results in time (2D) 
The two data sets of temperature and of mortality 1991-2003 are opposed in fig. 1. The decreasing number of 
dead is related to the declining population figure in Berlin. For summer 1994 the mortality graph shows an 
extremely high maximum, but there are minor events perceptible for example in 1992, 1998 or 2000, as well. 
Though expected after the course of the temperature trend there was no similar phenomenon in 2003 [7], [9]. 

 

                                                 
1 International Statistical Classification of Diseases and Related Health Problems Version 9 resp. Version 10 

(a) 

(b) 
(c) 

Fig. 2: Maximum, average and minimum daily 
temperature (a) opposed by overall mortality (b) 
mortality caused by circulatory (c) and respiratory 
(d) diseases in 1994. 
[Data: German Weather Service, Federal State 
Statistical Office of Berlin. Diagram: K. Gabriel 
2006] 

(d) 

(a) 

(b) 
(c) 
(d) 

Fig. 1: Maximum daily temperature (a) opposed by 
overall mortality (b) and mortality caused by 
circulatory (c) and respiratory (d) diseases from 1991 
to 2003. 
[Data: German Weather Service, Federal State 
Statistical Office of Berlin. Diagram: K. Gabriel 2006] 
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Except for day 12 and 13 of the 15-days-period between 22-07 and 05-08-1994 the diurnal maxima exceeded the 
30 °C mark, which was caused by stable high-pressur e weather conditions over Europe. The highest 
temperatures (37.7 °C) were observed at the 1 st of August. One day later the number of dead in Berlin increased 
to 261, the highest amount of the whole period of investigation. However, the otherwise observed "harvesting-
effect" [7] failed to appear in this case: the graph did not decline above-average after the event. 
 
A detailed evaluation of the 15-days-period reveals that mortality in Berlin had increased to 167% in relation to the 
mean values between 1991 and 2003. The most frequent causes of death were circulatory diseases2 (50%), next 
to affections of the respiratory tract3 (7%). A total proportion of 61% of the deceased during these 15 days were 
women older than 50 years. 
 
 

 
3.2. Results in space (3D) 
 
With an area of 891 km² and a population of about 3.4 million Berlin is the largest city of Germany. In the centre 
the highest residential density is existent. In the outskirts and suburbs it is reduced not only by open-spaced and 
lower architecture but especially by extended areas of forests and lakes. 
  

 

                                                 
2 ICD-09: 390-459 resp. ICD-10: I00-I99 
3 ICD-09: 460-519 resp. ICD-10: J00-J99 

Fig. 3: Berlin districts and their population density (end of July 1994). 
[Data: Federal State Statistical Office of Berlin. Diagram: K. Gabriel] 

Berlin districts 
residents (in 1000) per km²  

 average 
(1991-2003) 

total 
(1994) 

f m < 50 yrs > 50 yrs 

mortality general  1 473 2 458 1 550 908 163 2 295 
comparison 100% 167%     

differentiation  100% 63% 37% 7% 93% 
mortality circulatory diseases  661 1 238 858 380 29 1 209 

comparison 100% 192%     
differentiation  100% 69% 31% 2% 98% 

mortality respiratory diseases  80 170 103 67 1 169 
comparison 100% 213%     

differentiation  100% 61% 39% 1% 99% 

 
Tab. 1: Specific features of the 15-days heat wave in summer 1994 in Berlin. 
[Data: Federal State Statistical Office of Berlin. Table: K. Gabriel] 
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The mortality rate during the 15-days-period of July/August 1994 is demonstrated in fig. 4. The most crowded 
central districts do not show the highest values, but two districts in the southwest. Obviously they differ clearly 
from two eastern districts which have the same population density but have the lowest mortality rate. 

  
Therefore, the residential density with its specific building structure must have been superimposed by another 
efficacy as mortality factor. The different portion of aged people (65yrs+) may account for an explanation (see 
fig. 5): In the two eastern districts with low mortality rate the portion of people older than 65 years is less than 
10 % while it is more than 16 % in the south-western districts. Hence, it seems as if population density is a 
secondary factor after age ratio.  

 
 

Fig. 4: Mortality rate during the investigated period (22.07. – 05.08.1994) within the Berlin districts. 
[Data: Federal State Statistical Office of Berlin. Diagram: K. Gabriel] 

Berlin districts 
mortality rate 

Fig. 5: Proportion of residents 65yrs+ within the Berlin districts (1994). 
[Data: Federal State Statistical Office of Berlin. Diagram: K. Gabriel] 

Berlin districts 
residents 65yrs+ in % 
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4. DISCUSSION 
 
The mortality increase during the period of high temperature in July and August 1994 corresponds well with 
results of other European [2], [3], [6] and non-European studies [5], [8]. Furthermore, the higher sensitivity of 
women to heat waves is documented, too [1], [4]. Concerning spatial analysis health risks to urban population 
seem to depend more on age than on population density.    
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Abstract 
 
Only few researches have analyzed the relationships between weather and emergency calls. For this reason 
the aim of this study is to investigate the people well-being in summer according to the number of emergency 
calls. The analyses were concentrated for the city of Florence on the whole summer 2005 and considering each 
month individually. A categorization of air temperature variables into 5 classes of percentiles was carried out 
and emergency calls data in each class of weather variables were expressed as means ± standard deviation. 
Weather conditions were tested for emergency calls differences by using the analysis of variance and the Least 
Significant Difference test. An increase of emergency calls during summer’s hot days was observed, with a 
prevalent effect of high daily minimum and average air temperature, especially during June. The effects on 
emergency calls were evident on the current day but especially in the following 24 hours after a day 
characterized by high air temperatures (time lag = 1).  
  
Key words: Weather variables, human health 
 
 
1. INTRODUCTION  
 
In the last years, the problem of the relation between human health and Climate Change and Global Warming 
phenomena has increase its Interest (Keatinge and Donaldson, 2004). Most researches have focused upon 
analyzing mortality data, specifically within urban areas, which are generally warmer than adjacent rural areas 
(Oke, 1981), and  an increase in the number of deaths according to a rise in air temperature has been found 
(McGeehin and Mirabelli, 2001; Hajat et al., 2005). Other studies have analyzed the impact of meteorological 
data on human health using hospital admissions (Semenza et al., 1999; Morabito et al., 2004) and a previous 
research has revealed that an emotional response to weather might be indicated by calls to telephone 
counseling services (Driscoll and Stillman, 2002).  
The aim of this study is to investigate the people well-being in summer according to the number of emergency 
calls (EC). In particular, the relationship between the daily number of emergency calls in the city of Florence 
(Italy) and air temperature variables (daily average, maximum and minimum air temperature) was examined.  
 
 
2. MATERIALS AND METHODS 
 
Hourly data of air temperature for the hottest months (June, July and August) of 2005 were provided by a 
weather station located in the center of Florence. Daily average, maximum and minimum air temperatures (Tave, 
Tmax and Tmin respectively) were assessed and a categorization of these weather variables into quintiles (values 
≤ 20th; 21st - 40th; 41st - 60th; 61st - 80th; > 80th percentiles) was performed. Daily emergency calls (EC) in the 
city of Florence were collected over the same period and those occurred during Sunday were rejected because 
they were significantly lower than those observed on the other days. Most of EC concerned cardiovascular and 
respiratory diseases, while emergency calls caused by traumatic events, probably not associated with the air 
temperature, were excluded from the sample (Tab. 1).  
 

Period EC (number) 
Whole period 106 ± 18.1      
June 119 ± 13.7   c 
July 110 ± 12.5    b 
August  90 ± 14.7     a 

 
Table 1: Daily Emergency calls (EC) expressed as mean ± standard deviation in the whole period and in each 
month of summer 2005. Different letters on the same row indicate significant differences for P<0.05 evaluated 
by the LSD test. 
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 Emergency calls in Florence over the period studied followed a normal distribution and weather conditions were 
tested for EC differences by using the analysis of variance (ANOVA) and the Least Significant Difference test 
(LSD). The analysis were separately conducted over the whole summer period and on a monthly basis. In this 
way the different impact of hot days at the end and at the beginning of the summer was taken into account and 
the reduced number of emergency calls due to the decreased number of people in the city owing to summer 
holidays was even considered. Data in each class of weather variables were expressed as means ± standard 
deviation (SD) of EC. Air temperature variables were compared with EC occurred on the same day (time lag = 
0) and on the following day (time lag = 1) and all calculation were carried out by using SPSS for Windows 
version 10.0. 
 
 
3. RESULTS  
 
A significant difference between the number of EC among June, July and August was found (Tab. 1): the 
difference was higher between August and the other months (p < 0.001) than between June and July (p < 0.05). 
Considering the whole summer period, an increase of daily number of emergency calls on the same day (time 
lag = 0) was found in the 5th quintile of each air temperature variable compared with other classes of quintile, 
and the LSD test showed statistically differences among groups of quintile of Tave and Tmin. In particular the EC 
observed in the 5th quintile of Tave was significantly different from those observed in the 3rd quintile (p < 0.05) 
and 2nd quintile (p < 0.01) of Tave (Tab. 2). Statistically differences were even observed between EC in the 4th 
quintile and the 2nd quintile (p < 0.05) of Tave. Regarding Tmin, the EC observed in the 5th quintile were significant 
different by those observed in the 3rd (p < 0.05) and in the 1st class (p < 0.05) of quintiles (Tab. 2).  
For what concerns the comparison between emergency calls and air temperature variables during each month, 
the EC observed in the 5th quintile of Tave and Tmin (that are the highest air temperatures) during June and 
August were the highest in comparison with the other EC observed in the other quintiles of air temperature. In 
particular the LSD test during June showed significant differences between EC observed in the 5th quintile and 
those observed in the 4th quintile of Tmin (p < 0.05) and in the 1th quintile of Tave (p < 0.05). During August, EC 
observed in the 5th quintile was significant different by those observed in the 3rd quintile of Tave (p < 0.05). On 
the other hand, no significant differences of EC values were observed during July. 
 
 

Quintiles 
Period 

Air 
Temperatures 

(°C) 1st  2nd 3rd  4th  5th  

Max 105.2     a 105.1       a 101.8        a 107.7      a 112.6        a 
Min 102.1     a 106.7      ab 101.8        a 105.5     ab 115.7        b Whole 

period 
Ave 108.3   abc   97.2       a 100.9       ab 112.1     bc 113.7        c 
Max 110.4     a 128.8       b 114.5       ab 119.0     ab 124.2       ab 
Min 114.4    ab 116.2      ab 121.3       ab 112.4      a 131.2        b June 
Ave 112.2     a 118.4      ab 118.3       ab 116.0     ab 131.2        b 
Max 105.2     a 118.4       a 114.2        a 108.8      a 103.0        a 
Min 110.6     a 116.2       a 106.3        a 101.4      a 116.6        a July 
Ave 108.0     a  110.4       a 115.5        a 112.4      a 103.0        a 
Max   80.4     a   97.0       a   93.6        a   85.2      a   96.6        a 
Min   80.8     a   87.3       a   96.6        a   90.5      a   98.4        a August 
Ave   85.4    ab   90.2      ab   82.4        a   92.7    ab 102.0        b 

 
Table 2: Relationship between emergency calls on the same day (time lag = 0) expressed as means and air 
temperature variables for the whole period and for each month. Different letters on the same row indicate 
significant differences for P<0.05 evaluated by the LSD test.  
 
 
Analyzing EC and air temperatures variables on the following day (time lag = 1), a significant trend was found in 
the whole period with all air temperature variables (Tab. 3). Besides, a positive trend was found in all air 
temperature variables, with the higher values in the 5th quintile (Fig.1). 
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Figure 1: Relationship between daily minimum air temperature and emergency calls on the following day (time 
lag = 1) during summer 2005  
 
 
The monthly analysis (Tab. 3) showed significant variations of EC during June and August regarding Tmax (p < 
0.05) and Tave (p < 0.05) in June and Tave in August (p < 0.05). On the other hand, no significant relationships 
were observed during July. In particular positive trends were identified in June in all air temperature variables 
and the 5th quintile always showed the highest values of EC than the other classes.  
 
 

Quintiles  
Period 

 

Air 
temperatures 

(°C) 1st 2nd  3rd  4th  5th  

Max 103.5    ab   99.3       a  102.7      ab 112.1     b 112.7       b 
Min 101.5    a 100.9       a 103.1       a 106.3     a 118.7       b 

Whole 
period 

Ave 104.7    ab   98.1       a   97.5       a 111.7     bc 118.7       c 
Max 116.2    ab 108.6       a 119.0       ab 125.0     ab 128.0       b 
Min 111.0    a 111.8       a 124.3       a 123.8     a 124.8       a June 
Ave 116.4    a  106.4       a 121.0       ab 120.0     ab 132.6       b 
Max 113.6    a 105.4       a 111.3       a 106.4     a 107.8       a 
Min 111.0    a 101.8       a 108.3       a 110.6     a 113.4       a July 
Ave 106.6    a 107.2       a 115.3       a 105.4     a 109.2       a 
Max   81.4    a   95.6       a   82.7       a   94.8     a   95.6       a 
Min   79.4    a   93.2       a   93.2       a   90.8     a   91.4       a August 
Ave   82.8    ab   98.4       c   76.5       a   96.8     bc   96.8       bc 

 
Table 3: Relationship between emergency calls on the following day (time lag = 1) expressed as means and air 
temperature variables for the whole period and for each month. Different letters on the same row indicate 
significant differences for P<0.05 evaluated by the LSD test.   
 
 
4. DISCUSSION AND CONCLUSIONS  
 
The results of the present study support the hypothesis of the relationship between hot days, morbidity and 
mortality showed by many authors (McGeehin and Mirabelli, 2001; Hajat et al., 2005; Morabito et al., 2005). 
According to previous researches, which have investigated the relationships between weather and emergency 
calls especially as regards of emotional state (Driscoll and Stillman, 2002; King et al., 1974), this study showed 
a clear increase of emergency calls during summer’s hot days, with a prevalent effect on EC of high daily 
minimum and average air temperature. The effects on EC were evident on the current day but especially the 
following 24 hours after a day characterized by high air temperatures (time lag = 1). The significant 
enhancement in the number of calls when the daily minimum air temperature increased, is probably caused by 
the fact that this parameter is generally nocturnal, or occurs in the early diurnal hours, when the body needs 
physiological rest: so, in days characterized by high value of minimum air temperatures, there is a higher risk of 
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EC. Similar results were previously found in another study (Morabito et al., 2004) analyzing hospitalizations of 
tourists during hot summer days.  
The present study even shows the highest impact of weather on EC at the beginning of the summer (during 
June), confirming results of other researches (Kalkstein and Davis, 1989) which evidenced the important role 
played by the acclimatization and underlined that the firsts heat waves can be more dangerous for human 
health than in high temperatures in late summer. 
It will be necessary to extend this analysis over a longer period and on large localities, increasing the sample 
and taking into consideration other human factors, such as age and gender. These results could help to identify 
reliable linkages between the weather and human health and to plan emergency assistance. 
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Abstract 
 
Ventilation and incoming radiation are important factors for thermal comfort in a humid tropical city. This paper 
focuses on heat storage and ventilation as a first approach. The urban climate is investigated by using 
parameters such as building heights, morphologies, land uses, densities, vegetation etc. They are aggregated 
into single charts using GIS calculation and each chart evaluated by applying a weighing factor system for each 
datum, resulting in a synthesis map. It concludes by showing the relationship between thermal discomfort, areas 
with buildings and ventilation. A thermal comfort classification for Salvador interprets the thermal sensation and 
gives indications for a master plan. 
 
Key words:  thermal comfort, tropical urban climate. 
 
 
1. INTRODUCTION  
 
Salvador has 2.7 million inhabitants, spread over a peninsular area of 361 Km2, and is the capital of the state of 
Bahia, which is located on the Atlantic Coast in the Northeastern region of Brazil, at latitude 13º south and 
longitude 38º 31’ west. It is the oldest city in Brazil, founded in 1549 on a hilly site surrounded by the sea on two 
sides: the ocean at the east side and a bay on the west side. Its altitude varies from sea level to about 100 m.  For 
over four centuries the city grew slowly, concentrating its activities in the Southern area. From the 1970s onwards 
the city expanded northboundly, intensively occupying the whole municipal area, significantly reducing vegetation 
and resulting in higher densities in the Southern area. Salvador is has a tropical humid climate and the 
climatological data from the period of 1961-1990 show that the average monthly maximum air temperatures are 
quite homogeneous, with the highest value of 30°C ( February and March) and the lowest of 26.2°C (July) , 
whereas the minimum is about 24ºC in summer and 21ºC in winter. Its relative humidity does not vary much 
annually. Indeed, its average annual range is about 4%; from 79% (February) to 83.1% (May). Typically, the wind 
pattern of Salvador is characterized by southeasterly Trade Winds. The average wind speed is 3.2 ms-1 for winter 
and 2.8 ms-1 in summer. June has the lowest insolation with 167.2 hours and January the highest with 245.6 
hours (ANDRADE, 2004).  
 
Nery (1997) stated that the climatic condition of the city promotes positive thermal stress during the whole year, 
attenuated during winter season (June, July and August). This condition emphasizes the need to provide shading 
through vegetation and to preserve ventilation paths for thermal comfort. Due to its topographic characteristics 
and pattern of occupation, several microclimate conditions are produced and some may worsen thermal comfort. 
In order to increase thermal quality in the city, which means improving quality of life and energy savings, it is 
necessary to establish a thermal comfort classification for the municipal area – objective of this study.  
 
In general, thermal comfort conditions, as expressed by analyzing the Physiological Equivalent Temperature – 
PET (ºC) (HÖPPE, 1999) values for the airport of Salvador; indicated heat stress; as PET values were above 
upper comfort limit (24º) throughout the year from about 10:00a.m. to 4:00p.m.; reaching peak values of 46ºC. In 
relation to the lower comfort limit (22ºC) PET values were slightly below or within the comfort zone for the evening 
and night period. The lowest values occur, in general, between 4:00p.m. and dawn. The results also showed that 
airport data tended to underestimate heat storage and pointed out the need to identify and map the comfort 
zones, the critical areas and those where ventilation paths need to be preserved (ANDRADE, 2004). 
 
2. METHODOLOGY 
 
In order to identify the thermal comfort condition over the urban areas of Salvador, 4 charts were drawn, based on 
GIS calculations (KATZSCHNER, 2005), considering different factors for each of them: topographical height, 
slope, land use and wind potential. This analysis was based on a qualitative approach, as there are only two 
meteorological stations in the whole city. Previous researches have included microclimatic measurements along 
several city transepts and their results were used as a quick reference in this paper for understanding the urban 
climate of Salvador. For each chart, as described below, we selected, interpreted and evaluated from 3 to 9 
weighing factors for each input datum according to its influence over thermal comfort condition, and also based on 
the microclimatic measurements and mesoclimatic data. The topographic chart divides the heights into 3 different 
levels (see Table 1 below). 
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Table 1 – Topografic weighing factors 
LEVELS HEIGHT (h in m) WEIGHING FACTORS 
L 1  h > 60 m -1 
L 2 20 m < h < 60 m  0 
L 3  h < 20 m -1 
 
The chart of land use classification identifies 9 categories determined by the actual land use, taking building 
heights, densities, vegetation and special building areas as criteria (Table 2). 
 
Table 2 – Land use weighing factors 
PATTERNS CRITERIA WEIGHING FACTORS 
P 1 Tall buildings (> 10 storeys) and High density 8 
P 2 Tall buildings (> 10 storeys) and Medium density 6 
P 3 Medium-height buildings (1-4 storeys) and Medium density 4 
P 4 Small buildings (< 4 storeys), Very high density and No vegetation 7 
P 5 Small buildings (< 4 storeys) and Medium density 5 
P 6 Small buildings (< 4 storeys), Low density and Vegetation 3 
P 7 Small buildings (< 4 storeys), Low density and No Vegetation 2 
P 8 Specially large structures : industries, shopping centers, hospitals  1 
P 9 Parks and/or very low density with scattered vegetation 1 
 
The chart of wind speed distribution shows 6 categories determined by the following set of criteria: distance from 
the sea, air paths and roughness (Table 3), considering regional mesoscale wind system.   
 
Table 3 – Ventilation weighing factors 
PATTERNS CRITERIA WEIGHING FACTORS 

C  Central area: interior areas with high roughness  0 
K Coastal windy areas -2 
V Air paths -3 
F Ventilated residential areas -1 
DV Vegetation areas -1 
DK Dune areas -2 
 
These charts were superimposed to produce an urban climate evaluation map, which is the result of the 
interaction between all morphological and urban structure data, such as heat storage, roughness, heat island 
effect and ventilation distribution.  In addition, we presented a qualitative result by translating the urban climate 
evaluation map into a thermal comfort classification. 
 
3. RESULTS 
 
Figure 1 shows the topography of Salvador, classified according to the height in relation to sea level. This map 
was used to account for the slightly lower temperatures for the higher areas and also for wind exposure, which 
qualitatively could result in more thermally comfortable areas, dividing the natural morphology into climatic zones. 
It can be observed that there are lower areas at east (Atlantic Ocean) and west coasts (the Bay), whereas the rest 
of the municipal area belongs to the middle range height of 20-60 m. Nevertheless, a less dense area also 
presents higher altitude (> 60 m).  
 
Figure 2 shows the land use classification for Salvador, where pattern 4 occupies the second largest area. It 
presents small buildings and very high density with no vegetation. It is a typical pattern of disorderly occupation 
with no open areas or vegetation. Pattern 8 occupies the largest area and includes the few parks that exist, open 
areas with or without some ground vegetation or shrubs, and small and scattered houses in between. Density is 
very low. Each one of the patterns 5, 6 and 7 corresponds to about 9 % of the total area. The first two present low 
rise buildings with medium density for pattern 5 and low density and vegetation for pattern 6. Pattern 7 is a special 
classification for large building areas such as industries, shopping centers, bus stations, hospitals etc. Pattern 3 
covers about 1% of the city and presents medium-high buildings and medium density. Patterns 1 and 2 correpond 
to the denser areas of the city with higher buildings. The difference between them lies on the distance between 
the buildings. They cover about 4% of the total urban area, even though their impact can be very meaningful. 
They are the highest weighing factors. Pattern 4 also has been attributed a high weighing factor due to the density 
characteristics. 
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Figure 1 – Topography Salvador                                    Figure 2 – Land use Salvador 
 
Figure 3 presents the ventilation areas distributed according to the criteria stated in the methodology above. The 
largest C area indicates reduced wind speed due to its inner location in relation to the seacoast and urban fabric. 
The innermost F area has also a reduced regional wind due to its location but being less dense and with more 
vegetation, this area is slightly more ventilated than the previous one. The DK and K areas represent the dune 
wind climate and the coastal ventilation, respectively, both under the influence of the sea breeze. The east coast 
is substantially benefited by the intense Southern Trade Winds. These winds penetrate the city fabric through the 
valleys leading fresh and humid air into the city, resulting in the wind paths shown in V areas. The DV area has no 
strong factors influencing the regional wind, no significant urban fabric nor topographic features. 
 
The urban climate evaluation map shows the area distribution of the summary of all aspects we studied, resulting 
in 7 categories (Figure 4), where we can observe different levels of heat island: maximum heat island, heat island, 
reduced ventilation and small heat island. Their distribution over the city is quite different from a typical heat island 
effect for continental cities. As the weighing factors attributed to land use are higher than those to ventilation, 
inclination and topography, the heat island areas are spread all over the built fabric. It occurs even in coastal 
areas either because of the high densities or wind shadows. The maximum heat island effect takes place in the 
older city areas, along the geological fault, followed by the inner areas. Less intense heat islands are scattered 
along the whole area depending on the integration of each factor. The chart shows that the strongly ventilated 
areas occupy a smaller percentage of the total area and are concentrated along the coast and the air path areas.  
 

       
 
 
 
 
                                                                                                     
Figure 3 – Ventilation areas Salvador                                      Figure 4 – Urban climate evaluation: first approach 

C –  Reduced wind speed by  
       Urban fabric 
 
DK – Dune climate 
 
DV – Regional wind zone 
 
F – Reduced regional wind 
 
K -  Coast winds 
 
V -  City air path 
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As an attempt to step ahead of the next stage of this research, the urban climate evaluation chart could be 
translated into a qualitative thermal classification by applying a thermal comfort scale over the categories of the 
map above, ranging from +3 to -3, based on Fanger´s work (1982).  In the final map, roughness is indirectly 
included. The roughness length of the air paths from Figure 3 is zero. The other values are derived from Figure 2. 
They were used to get a wind classification for thermal comfort calculations. 
 
Considering that thermal comfort condition for humid tropical areas depends on wind effect, “Strongly ventilated 
areas” was taken as neutral thermal condition (0 value). All the other categories represent positive thermal stress, 
corroborating with the site measurements and PET indices obtained from previous thermal studies (FREIRE, 
2002) (NERY, 2003).  “Dune/coastal climate” and “Vegetation climate” were defined as +1, meaning slightly warm 
as their areas have suffered little intervention. “Small heat island” and “Reduced ventilation” were considered as 
+2, meaning warm condition, where the storage heat structures although low are dense. “Heat island” and 
“Maximum heat island” were translated into +3, meaning very warm condition, as these areas present the highest 
heat storage and the minimum ventilation. 
 
3. CONCLUSIONS 
 
The mesoclimate condition of Salvador can be described as bearing a general tendency towards positive thermal 
stress during the day and all year round, even in wintertime. The different heat island areas identified as the first 
outcome of this research mean a severe deterioration of the city thermal quality resulting in poor environmental 
quality. The raise of 0.8º C in the average annual air temperature registered for the last 45 years in Salvador 
(TEMPERATURA ..., 2005, p-5) added to the urban disorderly occupation; which characterizes most of the city 
fabric, implies that the significant replacement of extensive green areas for heat storage structures increase heat 
stress. The impact of such actions leaves little room to improve urban thermal condition, which is a requirement 
for sustainability. 
 
The initial conclusions we have drawn showed that greater thermal discomfort is found in the most densely 
constructed areas, which present reduced ventilation and no air path benefits, whereas within the same type of 
city structure, good ventilation provides reasonable thermal comfort. Other central parts of the city with small 
houses, which in principle would not be in discomfort, were classified as heat islands due to incoming radiation 
and less ventilation. The densely constructed areas near the coastal line or those which are within air paths show 
reduced heat islands and therefore better thermal conditions. The same is true for the high areas above 60 m. 
The thermal comfort classification for Salvador inferred from the urban climate situation, allows identifying the 
areas for keeping potential thermal comfort the critical ones which need improving. It may indicate possible 
actions for urban development and, therefore, it could be implemented in a master plan. 
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Abstract 
 
In this paper, the authors measure the convective heat transfer coefficient for the human body in the outdoor 
environment by means of a wind tunnel test and computational fluid dynamics (CFD) analysis. Sufficient accuracy 
for the CFD analysis is confirmed by comparing both results. The authors implement a sensitivity analysis based 
on CFD analysis for the mean convective heat transfer coefficient for the human body with changing values of 
velocity and turbulence intensity. From this, the authors develop a formula for the mean convective heat transfer 
coefficient for the human body in the outdoor environment which enables us to evaluate both the influences of 
velocity and turbulence intensity of the wind on the human body.  
 
Key words:  Convective heat transfer coefficient: Heat release characteristic: Turbulence intensity: CFD analysis: 

Wind tunnel test 
 
 
1. INTRODUCTION  
 
The outdoor environment in urban areas in summer has become increasingly hot and humid in recent years in 
Japan. This is closely related with the urban heat-island phenomenon causes various problems of 
comfortableness and health. It is important to understand a heat exchange between human body surface and the 
environment for evaluating a thermal comfort in the outdoor environment. Human sensation is appreciably 
influenced by wind, so that many formulas for predicting the convective heat transfer coefficient over the human 
body ( cα ) have been proposed, mainly for the use in indoor environments. However, few formulas have been 
reported for outdoor environments, where the wind is of a higher velocity and there is turbulence. The authors 
developed a new formula for cα  for the outdoor environment by using CFD analysis and the wind tunnel 
experiment. Evaluation of the outdoor thermal environment in summer is demonstrated by using the new 
Standard Effective Temperature (SET*) incorporating the proposed formula. 
 
 
2. ACCURACY OF CFD ANALYSIS  
 
2.1. Measurement of the convective heat transfer co efficient by means of wind tunnel test 
 
Figures 1 and 2 show an overview and section through the wind tunnel. The temperature in the wind tunnel is 
kept constant and the influence of radiation is made uniform up by styrene board on which black paper is pasted, 
placed at 0.2[m] inside the side walls of the wind tunnel. Throughout the test period, Tair is maintained at 30±
0.25[°C], and Twall is maintained at 28±0.75[°C]. The experimental thermal manikin (body he ight: 1.67[m], area of 
body surface: 1.47[m2]) is female-shaped and divided into separate regions, including head, chest, back and arms. 
The surface temperature Tsk is controlled at 33.7[°C]. The sensible heat loss (Qt) is measured for the experimental 
thermal manikin. cα  [W/m2K] is calculated by dividing the convective heat flux (Qc) [W/m2] by the difference 
between the skin surface temperature (Tsk) and the mean air temperature in the wind tunnel (Tair). Qc is calculated 
by subtracting the radiative heat flux (Qr) analyzed by radiation analysis from Qt. Table 1 gives the cases of 
measured.  
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Figure 1 Overview of wind tunnel                                           Figure 2 Section through wind tunnel 
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Table 1 Cases measured and analyzed 
Case Wind Velocity[m/s] Turbulence Intensity[%] 

A 0.5 11.2 
B 1.0 11.6 
C 2.0 11.9 

 
 
2.2. Calculation of the convective heat transfer co efficient by means of CFD analysis 
 
The computational thermal manikin is placed at the center of the model analyzed (7.0[m]×1.8[m]×1.8[m]). The 
cubic non-linear low Reynolds number k-ε turbulence model of Lien et al. is adopted for CFD, together with the 
SIMPLE algorithm and a second-order upwind difference scheme (Quick). In addition, the revised LK model 
(Launder-Kato model) is adopted. The total number of surface meshes is 334,515. In the CFD analysis, the 
convective heat flux (Qc) [W/m2] is calculated directly. cα  [W/m2K] is calculated by dividing Qc by the difference 
between Tsk and Tair. Tables 1 and 2 describe the cases analyzed and the boundary conditions.  
 

Table 2 Boundary conditions 

Inflow boundary 

Wind velocity Uin: 0.5, 1.0, 2.0m/s 
Temperature Tin: (results of experiment) 
Turbulence intensity TI: (results of experiment) 
Turbulence energy: kin=1.5(Uin×TI/100)2 
Ratio of viscous dissipation: εin= Cµ kin

3/2/0.1 , Cµ=0.09 
Outflow boundary Uout�Tout�kout�εout: free-slip 

Computational thermal manikin 
Surface temperature Tsk: 33.7°C(results of experiment) 
Velocity, Temperature: no-slip 

Wall 
Surface temperature Twall: (results of experiment) 
Velocity, Temperature: no-slip 

 
 
2.3. Comparison of results of experiment with CFD a nalysis 
 
Figure 3 shows a comparison of the CFD analysis on cα . The mean convective heat transfer coefficient for the 
human body cα  is calculated by using the weighted average of cα  for each body part. In the wind tunnel test and 
radiation analysis, cα  for Cases A to C is 6.6, 10.0 and 16.3[W/m2K]. In the CFD analysis, cα  for Cases A to C is 
7.3, 12.9 and 21.7. As the wind velocity increases, the difference between the experimental results and the results 
from the CFD analysis increases at the tip of the human body. However, both results correspond reasonably well. 
This confirms that the CFD analysis is sufficiently accurate and effective. 
 

C
on

ve
ct

iv
e

 h
ea

t
tr

an
sf

er
 c

oe
ffi

ci
en

t[W
/m

2
K

]

0

10

20

30

40

CFD analysis

wind tunnel test

H
ea

d

C
he

st

B
ac

k

P
el

vi
s

U
pp

er
 A

rm

T
hi

gh

A
ve

ra
ge

F
or

ea
rm

   
   

   
/H

an
d

Lo
w

er
 L

eg
   

   
   

   
/F

oo
t 0

10

20

30

40

C
on

ve
ct

iv
e

 h
ea

t
tr

an
sf

er
 c

oe
ffi

ci
en

t[W
/m

2
K

]

H
ea

d

C
he

st

B
ac

k

P
el

vi
s

U
pp

er
 A

rm

T
hi

gh

A
ve

ra
ge

F
or

ea
rm

   
   

   
/H

an
d

Lo
w

er
 L

eg
   

   
   

   
/F

oo
t 0

10

20

30

40

C
on

ve
ct

iv
e

 h
ea

t
tr

a
ns

fe
r 

co
ef

fic
ie

nt
[W

/m
2
K

]

H
ea

d

C
he

st

B
a

ck

P
el

vi
s

U
pp

er
 A

rm

T
hi

gh

A
ve

ra
ge

F
or

e
ar

m
   

   
   

/H
an

d

Lo
w

er
 L

eg
   

   
   

   
/F

oo
t

 
(1) Case A (velocity 0.5[m/s])           (2) Case B (velocity 1.0[m/s])              (3) Case C (velocity 2.0[m/s]) 

 
Figure 3 Comparison of convective heat transfer coefficient between wind tunnel test and CFD analysis 

 
 
3. DEVELOPMENT OF A FORMULA FOR THE MEAN CONVECTIVE HEAT TRA NSFER COEFFICIENT FOR 
THE HUMAN BODY IN THE OUTDOOR ENVIRONMENT 
 
3.1. Outline of the CFD analysis 
 
Compared to the model analyzed in 2.2, the model analyzed in this analysis (7.0[m]×3.0[m]×3.0[m]) is made 
larger to eliminate the influence of the boundary. The total number of surface meshes is 345,177. Numerical 
methods are the same as in 2.2 (Table 2). In this analysis, Tin, Tsk, and Twall are given as 30°C, 33.7°C and 30°C 
respectively. Of the cases analyzed, five cases are taken for Uin (0.1, 0.5, 1.0, 2.0, 4.0[m/s]) and three cases are 
taken for TI (10, 20, 40[%]). 
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3.2. Development of a formula for the mean convecti ve heat transfer coefficient for the human body in the 
outdoor environment 
 
Table 3 describes cα  in all cases. The formula for cα  is proposed with using the wind velocity V[m/s] and 
turbulence intensity TI[%], as shown in Equation (1). 
 

cα =4.0V+0.35V×TI-0.00080(V×TI)2+3.4  (1) 
 
 Figure 4 shows the change in cα  with velocity and turbulence intensity. The formula shows its effectiveness in 
taking account the effect of the turbulence intensity on cα . In addition, prediction of cα  becomes possible in the 
outdoor environment where the wind velocity is strong. Therefore, this formula is quite important in understanding 
the detailed heat release characteristics of the human body in the outdoor environment. 
 
Table 3 Value of mean convective heat transfer  
coefficient for the human body ( cα )[W/m2K] 

Wind Velocity V[m/s]  
0.1 0.5 1.0 2.0 4.0 

10 2.9 6.6 12.9 21.3 32.3 
20 3.0 7.8 15.4 24.9 37.5 

Turbulence 
Intensity 

TI[%] 40 3.1 12.1 21.2 34.5 55.1 
 
 
 
 
 
 
 
 
 
 
4. EVALUATION OF THE OUTDOOR THERMAL ENVIRONMENT 
 
Figure 5 shows the model analyzed. SET* around a block in the city center city is evaluated by analysis which 
cover nine city blocks with trees planted around the building on a typical sunny day in summer. Details of the 
numerical methods used are beyond the scope of the paper. 
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Figure 5 Model analyzed 

 
Figure 6 shows the distribution of SET*. In the Seppanen model, the amount of decrease in SET* from planting 
the trees is small. The reason for this is that the wind velocity decreases and the sun intensity is weaker too. In 
the new model developed here, the amount of decrease in SET* is fairly large considering the increase in the 
turbulence intensity caused by the existence of the trees. These results correspond well to our general 
experiences in the area near planting trees. The effectiveness of the formula used in this study is confirmed by 
this result. 
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Figure 4 Change in the mean convective heat transfer 
coefficient 
For the human body (α ) with velocity and turbulence 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

240



 

27

33

[ ]

 

[m/s]0 3 [m/s]0 3 [m/s]0 3 [m/s]0 3

      

 

27

33

[ ]  
 

(a) Trees planted                     (b) No trees planted           (a) Trees planted                       (b) No trees planted 
 

(1) Formula used in this study (New model)       (2) Formula used in Seppanen et al. (Seppanen model) 
 

Figure 6 Distribution of SET* (height 1.5[m]) 
 
 
5. CONCLUSIONS 
 
(1) A highly-accurate prediction of the convective heat transfer coefficient in impinging flow become possible by 

using the cubic non-linear low Reynolds number k-ε turbulence model with the addition of the revised LK 
(Launder-Kato) model. 

 
(2) A formula is proposed for the mean convective heat transfer coefficient that takes into account the turbulence 

intensity and wind velocity at the same time. In addition, the effectiveness of the formula is confirmed by the 
evaluation in the outdoor thermal environment. 
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Abstract 
 

The surface temperature, net radiation, water content ratio, etc., of green roof and high reflection roof are observed 
for confirming the mitigation effect to urban heat island. The heat and water budget are compared to each other. On 
a surface with highly reflective white paint, the sensible heat flux is small because of the low net radiation due to high 
solar reflectance. On the green surface, the sensible heat flux is small because of the large latent heat flux by 
evaporation, although the net radiation is large. On the cement concrete surface and the surface with a highly 
reflective gray paint, the sensible heat fluxes have almost the same value because their solar reflectance is 
approximately equal. Methods to estimate the heat budget component are explained. 
 
Key words: Urban heat island, Surface heat budget, Green roof, High reflection roof 
 
1. Introduction 
 

Improvement in the surface cover of buildings and 
constructions that have been covered with cement and 
asphalt concrete is examined as one of the measures 
to mitigate the urban heat island phenomenon. Green 
roofs, high reflection roofs, wall planting, etc., are 
suggested from the viewpoint of building design, and 
green parks, roadside trees, etc., are suggested from 
the viewpoint of urban planning. 

The use of highly reflective paint for cool roofs and 
road pavements is examined by Akbari et al., (2005, 
2001, 1999, 1988) from the heat island group of the 
Lawrence Berkeley National Laboratory for reducing 
urban heat islands and energy consumption. According 
to their test calculation, the possibility of reduction or 
savings in the annual air conditioning costs was 
estimated to be 35 million dollars in Los Angeles, 16 
million dollars in New York, and 10 million dollars in 
Chicago[1]-[6]. 

The purpose of the paper is as follows. 
1) From the viewpoint of urban heat island mitigation, 

the sensible heat flux reduction for the roof surface 
serves as the evaluation index. therefore, the surface 
heat budgets on some roof covers are examined under 
the same weather condition. Consequently, the 
sensible heat flux from the surface to air is compared 
from the heat island mitigation effect. 

2) The estimation method of the sensible heat flux 
from each roof surface is investigated. The heat budget 
components are derived from the observation results. 
Finally, the sensible heat flux from each roof surface is 
estimated by the residue of the surface heat budget. 
 
2. Outline of observation 
 

The observation period is from July, 2003, to the 
present. It is carried out on the experimental roof of the 
8-story building of the Kobe University. In this study, the 
observation data for August 2004 is used for the 
detailed discussion. Unit 1 (bare soil), 2 (lawn-grass), 9 
(cement concrete), 11 (highly reflective white paint), 
and 12 (highly reflective gray paint) in figure 1 are used 
for the analysis. 

Air temperature, relative humidity, solar radiation, 
infrared radiation, precipitation, wind direction, and 

velocity, are observed as weather conditions near the 
observation site. In each observation unit, downward 
and upward, and short wave and long wave radiation 
(net radiation); surface temperature; internal 
temperature; and conduction heat flux are observed. 
The water content ratio in the soil under the green 
surface and bare soil is observed. The observation 
points of temperature, conduction heat flux, and water 
content ratio are shown in figure 2. The conduction heat 
flux sensor and thermo-couple are already installed in 
the concrete slab of each unit. In addition, the air 
temperature in the room under the slab is controlled by 
an air conditioner. 
 
3. Observation result 
 
3.1 Observation result of the surface temperature 

Observation result of the surface temperature in 
August is shown in figures 3. Although the leaf surfaces 
and the region around the roots in a lawn are expected 
to have difference temperatures, only the result of the 
leaf surface temperature is shown, which is observed 
continually by a radiation thermometer. 

The surface temperature of the cement concrete slab 
and the highly reflective gray paint is almost the same 
and higher by about 10 degrees than that on surfaces 
with highly reflective white paint and green (lawn-grass). 
The surface temperature on the green surface is 
several degrees lower than that on bare soil, and it is 
several degrees higher than that on the highly reflective 
white paint. 
 
3.2 Observation result for net radiation 

Solar reflectance is estimated from the observation 
result in each observation unit by the net radiation 
sensor. Each unit is not sufficiently large; therefore, the 
influence by reflection from the circumference is 
included in the observation result. To remove the 
influence, a revision calculation is carried out by the 
simultaneous equations which are considered 
influence between each other's aspects using the form 
coefficient at the establishment height. The solar 
reflectance on each observation unit is Unit 1(bare soil) 
0.17, 2(lawn-grass) 0.15, 9(cement concrete) 0.37, 
11(highly reflective white paint) 0.36, and 12(highly 
reflective gray paint) 0.74. 
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In the visible wave length, the spectral reflectance of 
the highly reflective gray paint is the same as that of the 
general gray paint. In the infrared wave length, the 
spectral reflectance of the highly reflective gray paint is 
larger than that of the general gray paint. 
 
3.3 Observation result of water content ratio 

Observation results of the water content ratio, which 
is observed by TDR sensors, are shown in figures 4. 
Six TDR sensors are set in the soil under the green 
surface. From the observation results, the water 
content ratio is the highest in the deepest layer, and the 
decrease ratio in the water content ratio with the 
passage of time is the largest in the deepest layer. It is 
considered that the water moves from the lower part to 
the surface. Therefore, when examining the 
characteristic of the quantity of evaporation, it is 
necessary to consider water movement from the lower 
layer to the upper layer as well as the surface 
characteristics of the neighboring regions. 
 
3.4 Estimation of quantity of evaporation 

The quantity of evaporation is estimated from the 
observation result of the water content ratio in the 
green surface. The quantity of evaporation is 
expressed as the quantity that is obtained by deducting 
the increase in the water content in the total soil layer 
and drainage from precipitation (sprinkling); it is 
supposed that evaporation occurs only at the surface. 
The water content of each layer is obtained by 
multiplying the density of water and the volume of each 
layer with the water content ratio. The water content in 
the total soil layer is integrated by multiplying the water 
content of each layer with the total soil depth. The 
estimation results of the quantity of evaporation from 
the green surface are shown in figure 5. 
 
4. Calculation method of the heat and water budget 
 
4.1 Surface heat budget 

The surface heat budget is expressed as follows: It is 
supposed that evaporation is only carried out at the 
surface. 

lEVARn ++= lEVARn ++=
  (1)   z

T
A

∂
∂−= λ

z=0  (2)

 
)( TaTsV −= α

 (3) 

( ) )(/ XaXsCplXaXsllE w −⋅⋅⋅=−⋅⋅= αβαβ
           (4) 

Here, Rn: Net radiation (W/m2), A: Conduction heat 
flux (W/m2), V: Sensible heat flux (W/m2), lE: Latent 
heat flux (W/m2), λ: Heat conductivity (W/mK), α: 
Convective heat transfer coefficient (W/m2K), Ts: 
Surface temperature (C), Ta: Air temperature (C), β: 
Evaporative efficiency (-), Cp: Specific heat of air 
(J/kgK), Xs: Saturated humidity (kg/kg), Xa: Air 
absolute humidity (kg/kg). 
 
 
 
4.2 Equation of heat conduction and water 
movement 

Equations on heat conduction and water movement 

in the soil are expressed below. It is supposed that 
evaporation occurs only at the soil surface and water 
movement in the soil is the only transportation of liquid 
water. 
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Here, θ: Water content ratio (m3/m3), K: Hydraulic 

conductivity (m/s), Dθ, DT: Molecule diffusion 
coefficients of liquid water; Dθ (m

2/s) and DT (m2/sK) are 
functions of K and the capillary potential, Ψ(θ) and Ψ(T) 
(m), respectively, and c: Thermal capacity (J/m3K). 
 
4.3 Estimation of heat conductivity and thermal 
capacity 

Heat conductivity λ and thermal capacity c are 
estimated from the observation results using the 
following difference equations. 
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         (8) 

Here, ∆z: Distance between Ts and T1 (m), ∆z1: 
Distance between Tm–1 and Tm (m), and ∆z2: Distance 
between Tm and Tm+1 (m). Observation values of 
temperature and conduction heat flux are substituted 
for these equations. 

The heat conductivity and thermal capacity of soil are 
estimated by the same methods, but they change by 
the water content ratio θ (m3/m3). The following function 
by water content ratio is used for the estimation[7][8]: 

3/15.0025.0 θλ += , 
( ) ( ) WATERSOILSAT ccc θθθ +−= 1  

Here, θSAT: Saturated water content ratio (m3/m3), 
csoil: Thermal capacity of soil (J/m3K), and cwater: 
Thermal capacity of water (J/m3K). 
 
4.4 Estimation of evaporative efficiency 

The evaporative efficiency β is necessary to find the 
quantity of evaporation from equation (4). At first, the 
initial evaporative efficiency β is substituted, and the 
quantity of evaporation is calculated by equation (4). It 
is compared with the estimation result of the quantity of 
evaporation obtained in 3.4; the suitable value for 
evaporative efficiency β is obtained by repeating this 
step. In reality, the evaporative efficiency β changes 
with the time; however, it is supposed that the 
evaporative efficiency β is constant in the period under 
consideration because when the water content 
condition of the soil does not change greatly, it is 
considered that the evaporation efficiency β is 
constant. 

The quantity of evaporation obtained from the 
observation result of the soil water content ratio 
appears greater in the night because the water moves 
from the deeper layer to the surface neighborhood 
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during the night. Therefore, the quantity of evaporation 
that is multiplied for a certain period is used for the 
comparison between the observation and calculation 
values. 
When equations (1), (3), and (4) are arranged, the 
quantity of evaporation is expressed as follows:  







 −⋅⋅+−=− )(

1
)( XaXs

Cp
lTaTsARn βα

           (9) 
When Rn and A are given, α and β are the only 

unknown quantities; if the temporary value is applied to 
β and α is provided, then the quantity of evaporation is 
obtained. The period multiplied value of the quantity of 
evaporation provided by this method is compared with 
that obtained from the water content ratio observation, 
and the value when the difference becomes the 
smallest is determined to be the suitable evaporation 
ratio β in this period. 

The evaporative efficiency β is obtained by the 
abovementioned method, as shown in figure 6. The 
cross axis is the evaporative efficiency β and the 
vertical axis is the difference between the period 
multiplied value of the quantity of evaporation provided 
by the calculation and that provided by the water 
content ratio observation. At the time β = 0.14, this 
difference becomes the smallest; therefore, this value 
is used for the following analysis of the surface heat 
budget on the green surface. 
 
5. Calculation of surface heat budget 
 

The calculation result of the surface heat budget on 
each surface is shown in figures 7 (green) and 8 (white 
paint). The evaporative latent heat flux is estimated by 
the above method, and the sensible heat flux is 
calculated by the residue of the surface heat budget. 
The evaporative efficiency β on the green surface is 
assumed to be 0.14, and the evaporative latent heat 
flux on the paint and concrete surface is not 
considered. 

On the surface with the highly reflective white paint, 
the conduction heat flux and the sensible heat flux are 
smaller than those on the concrete slab because the 
quantity of net radiation is small. On the surface with 
highly reflective gray paint, the conduction heat flux and 
sensible heat flux are approximately the same as those 
on the concrete slab. 

Although in the daytime net radiation on the green 
surface is the largest in this study because of the small 
solar reflectance, the sensible heat flux is small 
because a large part of the absorbed heat is used for 
evaporation. The sensible heat flux on the green 
surface is about 60W/m2 lower than that on the 
concrete slab at its maximum, and the difference is also 
confirmed in the night.  
 
 
 
6. Summary 
 

1) On the surface with highly reflective white paint, the 
sensible heat flux is small because of the low net 
radiation by high solar reflectance. On the green 
surface, the sensible heat flux is small because of the 
large latent heat flux by evaporation, although the net 
radiation is large. On the cement concrete surface and 
the surface with the highly reflective gray paint, the 
sensible heat fluxes have almost same values because 
their solar reflectance is approximately equal. These 
tendencies of the sensible heat flux accord with the 
pitch relation of the surface temperature. 
2) In heat and water budget analysis, a method to 
estimate the quantity of evaporation using the 
observation result of the water content ratio in the soil is 
applied. In this method, the water content ratio in each 
layer in the soil is supposed to be uniform; the detailed 
distribution of water in a particular surface 
neighborhood is not considered; therefore, this point is 
considered to be a problem for investigation.  
3) Methods to estimate the evaporative efficiency, heat 
conductivity, and thermal capacity are explained, and 
the observation data is applied to these methods. The 
estimation values are compared with the reference 
values, and the propriety of these methods is confirmed. 
Then, the estimated values are used for the calculation 
of the surface heat budget. However, it is necessary to 
examine the suitability of this method by using various 
types of data and for longer periods. 
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Figure 5 Estimation result of the quantity of evaporation     Figure 6 Estimation of the evaporative efficiency β 
from the green surface on August 27-29, 2004 
 

-200
-100

0
100
200
300
400
500
600
700
800

0:00 12:00 0:00 12:00 0:00 12:00

W/m2

Net radiation Conduction heat flux
Sensible heat flux Latent heat flux

27 Aug. 28 Aug. 29 Aug.  

 

-200
-100

0
100
200
300
400
500
600
700

0:00

W/m2

0:00 12:00 0:00 12:00 0:00 12:00

Net radiation Conduction heat flux
Sensible heat flux

27 Aug. 28 Aug. 29 Aug.  

 
Figure 7 Surface heat budget on the green surface       Figure 8 Surface heat budget on the surface with 
on August 27-29, 2004         highly reflective white paint on August 27-29, 2004 
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CLIMATIC PERFORMANCE OF URBAN TREES UNDER VARIOUS BUILDING 
 DENSITIES IN THE MEDITERRANEAN CLIMATE - AN EMPIRICAL AND 

 ANALYTICAL STUDY IN TEL AVIV 
Limor Shashua-Bar*, Oded Potchter**, Arieh Bitan**, Dalia Boltansky***, Yaron Yaakov** 

*Technion University, Haifa, Israel; **Tel Aviv University, Tel Aviv, Israel;  ***Boltansky Architects LTD, Israel 
 
 

Abstract 

The paper demonstrates the cooling effect of different trees species in urban streets.  Three tree species with 
different canopy characteristics and three levels of building densities as indicated by the height/width ratio, were 
analyzed to determine their thermal effects on an urban street microclimate. The analysis was carried out using 
climatic summer data of a representative meteorological station near Tel Aviv City. The analytical Green CTTC 
model was used through simulations to generate the studied air temperature patterns.  The results indicate the 
importance of urban trees in alleviating the heat-island effect in a hot-humid summer. The tree cooling effect is 
found to be strongly related to the built form geometry. The deeper the urban open space, the smaller the cooling 
effect of the trees. In all the studied cases, the thermal effect of the tree was found to depend mainly on its 
canopy coverage level relative to the site's area and little on trees species characteristics. 
 
Key words: Urban microclimate, Vegetation thermal effect, Green CTTC model 
 
 
1. INTRODUCTION 

As cities represent the focal point of energy consumption which is directly affected by urban planning, modeling 
the urban microclimate becomes significant in terms of energy implications and comfort (Steemers, 2003). Urban 
trees in parks and streets can generate cool islands accounting for 3 to 4 K on the average at midday in summer 
in temperate and hot regions (e.g., Jauregui 1990/1, Potchter et. al 1999, 2003, Shashua-Bar et. al 2002, Dimoudi 
et. al 2003). Recent studies also indicate the relation between vegetation coverage with the energy balance fluxes 
in different urban areas within the city [Grimmond et. al 1996, Jonsson 2004].  
This paper is part of a research in progress on sustainable modeling of the microclimate of open spaces within the 
Urban Canopy Layer. The study examines the mechanism of microclimate and its significance in urban planning 
through two components that dominantly affect the city's climate - The built up density and the urban shade trees. 
The object is to develop an operational tool for assessing the integrative thermal effects of the vegetation and of 
the built up elements and the interrelationship - interaction - between them.   
The methodology of the proposed study is based on an integrative approach that combines empirical findings with 
those received by analytical methods. In the empirical phase of this study, measurements of climatic variables are 
gathered from various urban sites for determining the values of the needed parameters for the different species of 
vegetation, and for the geometry and thermo-physical properties of built elements.  In the analytical phase, an 
extensive application is performed using the analytical model 'The Green CTTC model' for predicting the diurnal 
air temperature in an urban open space taking into account the geometric dimensions, thermo-physical properties 
and the vegetation parameters of the studied open space. The application covers various built-up configurations, 
the typology of which is developed through a generic model for urban streets based on built up geometric ratios. 
The simulations were conducted using the climatic summer data in Tel Aviv, Israel. 
 
 
2. CHARACTERISTICS OF TREE SPECIES AND BUILT FORMS 

Three tree species with different canopy characteristics and canopy coverage levels were studied: The Ficus 
Retusa tree (common name: Indian Laurel Fig) with a highly dense and broad canopy, the Tipuana Tipu tree 
(common name: Tipu tree) with a moderate size of canopy and the Phoenix Dactylifera tree (common name: Date 
Palm) with a sparse and narrow canopy. These three species of shade trees are dominant in the Tel-Aviv gardens 
and streets. The tree characteristics and parameters were estimated based on measurements in Tel Aviv area 
conducted by the Dep. of Geography and the Human Environment at the Tel-Aviv University. The studied 
parameters are shown in Table 1. 
The maximum tree coverage level in an urban street was determined according to the street width and the canopy 
size. Following planting guidelines [Galon 1999, Shimda et. al 1992], the tree dimensions are determined 
according to: [a] Canopy Diameter, [b] Planting distances, [c] Canopy height.  For Ficus Retusa Tree, the 
adequate dimensions are: [a] 20 m, [b] 12 m, [c] 20 m.  For Tipu Tree: [a] 15 m, [b] 12 m, [c] 10 m.  For Date Palm 
Tree: [a] 8 m, [b] 7 m, [c] 15 m.  
 
 
Corresponding Author address: L. Shashua-Bar, Faculty of Architecture and Town Planning, Technion - Israel 
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Table 1: Parameters of the studied tree species estimated from measured summer data, Tel Aviv area, Israel   

Tree specie Sunny 
spots 
 [%]  

Partial  
shaded tree  

[%] * 

Solar 
absorptivity 

m 

Canopy solar 
transmissivity 

( 1– f ) 

Cooling 
 coefficient  
( 1– C )** 

Thermal time 
 constant  

CTTC [hr]** 

Ficus Retusa Tree  5-10 90 0.60 0.05 60 9.0 

Typu Tree 15-20 50 0.60 0.12 50 8.0 

Date Palm Tree  30-40 50 0.70 0.15 40 7.6 

* The Partial Shaded Area of the tree (PSA Tr)  was calculated as the tree coverage net of sunny spots. 
** On the coefficients ( 1– C ) and CTTC, the reader is referred to [Shashua-Bar et. al 2002]  
 
For the studied street of 27 m width with two rows planting, the maximum tree coverage (net of sunny spots) for 
the Ficus Retusa tree is found to be up to 90% of the ground area, for the Tipu tree 70% and for the date Palm 
tree only 25%. These three coverage levels were considered for analysis in this study. 
Three built up configurations of a typical urban residential-commercial street of 27 m width, with 4, 6 and 8 floors 
(corresponding to aspect ratios (H/W) of 0.6, 0.8, 1.0 respectively) were analyzed.  For each built up 
configuration, the thermal effects of shade trees of different species and canopy coverage levels were studied. 
Geometry ratios characterizing the various built forms follow the generic model for urban streets [Shashua-Bar et. 
al 2004], where, H/W: Building height to street width, L1/L2: Spacing distance to frontal length, D/L2: Building 
depth to frontal length. For all the studied configurations, W: 27 m, L1: 10m L2: 20 m and D: 25 m.  

Generic model of urban street Ficus Retusa Tree 
90% coverage 
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70% coverage 

Date Palm Tree 
25% coverage 

H

L1

L2

D W

S
T

R
E

E
T

 

 
 
 

 

 
 
 

 

 
 
 

 
3. SIMULATION ANALYSIS AND RESULTS 
3.1. Diurnal air temperature patterns in the studied sites 

The analysis of the thermal impacts of built forms and vegetation were conducted by simulations, using the Green 
CTTC model. The model has been validated in several wooded sites, and found to yield satisfactory estimates of 
the diurnal air temperature variations in various forms of urban open spaces [Shashua-Bar et. al 2002]. To add 
further validity, the air temperature patterns in three wooded sites were simulated by the Green CTTC model. In 
the studied groves, the simulated patterns are very close to the measured ones (Fig. 1). 
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□ measured values ,   ● simulated values 

Fig. 1: Simulated pattern and measured in situ values of diurnal air temperature at the studied grove sites.  
[a] Ficus Retusa tree at Tagor site, 90% coverage , [b] Tipu tree at Riding site, 50% coverage, [c] date Palm tree 
at Tel Aviv University, 50% coverage.  
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3.2. The built form thermal effect in an urban street 

The diurnal patterns of air temperature for the urban street studied corresponding to three levels of open space 
deepness, H/W = 0.6, 0.8 and 1.0 are shown in Fig 2 together with the Sde-Dov meteorological station's air 
temperature pattern. The simulations were conducted on summer data (average of month of July) of the coastal 
Mediterranean region characterizing the Tel Aviv metropolitan area. The air temperature and relative humidity at 
noon hours: 30 ºC and 75% and at night hours: 21 ºC and close to 100%, respectively [Bitan et. al 1991]. 
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■ H/W = 0.6, ─ H/W = 0.8, -- H/W = 1.0  
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Fig. 2: Built form effects, July data, at the Coastal 
Mediterranean region 

 

For all the three cases studied, the urban temperature 
values are higher than the meteorological ones. The 
deeper the street's open space, the cooler the diurnal 
air temperatures. Table 2 summarizes the thermal built 
form effect of the open space deepness as measured 
by its air temperature relative to the meteorological 
station. The maximum built form effect (at hour 15:00) 
ranges from 3 ºC for H/W 0.6 to 1.5 ºC for H/W 1.0 . 

 
Table 2 

Built form effects: site temperature versus 
meteorological temperature, July data, July data, 

Coastal Mediterranean region 
 

 6:00 15:00 18:00 24:00 

H/W = 0.6 0.80 3.08 1.85 0.53 

H/W = 0.8 0.73 2.05 1.03 0.24 

H/W = 1.0 0.68 1.48 0.57 0.06 

 
3.3. Tree cooling effect in an urban street 

The trees cooling effect is calculated as the difference between the predicted (simulated) air temperature at the 
studied built up urban open space with no trees to that with trees. The diurnal patterns for the three tree species 
for the summer data are shown in Fig. 3, for the three levels of street deepness (H/W). The tree effects are 
estimated for each tree species at its maximum allowed coverage level in an urban street of 27 m width.  

24
25
26
27
28
29
30
31
32
33

4 8 12 16 20 24 4
Time [hr]

A
ir 

T
em

pe
ra

tu
re

 [C
]

24
25
26
27
28
29
30
31
32
33

4 8 12 16 20 24 4

Time [hr]

A
ir 

T
em

pe
ra

tu
re

 [C
]

24
25
26
27
28
29
30
31
32
33

4 8 12 16 20 24 4

Time [hr]

A
ir 

T
em

pe
ra

tu
re

 [C
][a] [b] [c]

 
▲ st. without trees, ─ st. with 25% Date-Palm trees, -- st. with 70% Tipu trees, ● st. with 90% Ficus Retusa Trees 

Fig 3: Simulated air temperature patterns in an urban street with and without trees, July data, Coastal 
Mediterranean region. [a] H/W = 0.6 , [b] H/W = 0.8, [c] H/W = 1.0 .  
 
As expected, the Ficus Retusa trees showed the highest cooling effect mainly for its ability to cover 90% of the 
street. Table 3 summarizes the results for the maximum effect reached at hour 15:00. For each tree, the cooling 
effect is not constant but declines with the site's deepness. The Ficus Retusa cooling effect is at its maximum 
3.44 ºC at hour 15:00 for H/W = 0.6 and declines to 2.69 ºC at H/W = 1.0. Thus, from H/W = 0.6 to 1.0, the 
cooling effect of the Ficus Retusa trees is reduced by 0.8 ºC, 0.5 ºC in Tipu trees and 0.2 ºC in Date-palm trees. 
The maximum cooling effect of the trees in the simulated streets occurs at noon hours, while in the night and early 
morning hours there is a slight warm effect not exceeding 0.4 ºC.  The Figures in Table 3 show the potential 
maximum cooling effect of the studied trees (at hour 15:00). The differences among the effects arise from 
differences in the tree coverage levels (PSA Tr) and in the potential tree cooling coefficient (1-C).  
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Table 3: Trees cooling effect at maximum coverage (hour 15:00), July data, Coastal Mediterranean region 

 Tree coverage [%] H/W = 0.6 H/W = 0.8 H/W = 1.0 

Ficus Retusa Tree 90 -3.44 -2.99 -2.69 

Tipu Tree 70 -2.06 -1.79 -1.61 
Date Palm Tree  20 -0.46 -0.40 -0.36 

 
Table 4 shows the cooling effect at hour 15:00 for the three tree species all calculated at the same tree coverage 
of 40% which is the maximum allowed coverage level for the Date Palm in a street of 27 m width (planted in three 
rows). The figures indicate a minor cooling advantage of about 0.5 ºC to the Ficus Retusa tree over the Date Palm 
tree. The cooling effect of a shade tree is thus determined mainly by its coverage level.   
Table 5 shows the combined thermal effect at hour 15:00 of the built form and of the tree cooling effects at 
maximum coverage (Figures of Table 2 + Table 3). These thermal effects are the differences between the site's 
temperature values to those at the meteorological station. In the Ficus Retusa case, the trees cooling effect is 
stronger than the built form effect, for all H/W levels, thus cancelling all the built form effect contributing to the 
heat island effect, while a 25% coverage level of Date-palms has little effect on the street's heat load. 

 
Table 4 

Trees cooling effect at 40% tree coverage (hour 
15:00), July data, Coastal Mediterranean region 

 

Tree specie H/W 
 0.6 

H/W 
0.8 

H/W 
1.0 

Ficus Retusa Tree  1.52 1.32 1.19 

Tipu Tree 1.18 1.02 0.92 
Date Palm Tree  0.91 0.79 0.71 

 

Table 5 
Combined thermal effect at maximum tree coverage 

(hour 15:00), July data, Coastal Mediterranean region 
 

Tree specie H/W 
 0.6 

H/W 
0.8 

H/W 
1.0 

Ficus Retusa Tree  -0.35 -0.93 -1.20 

Tipu Tree +1.02 +0.26 -0.13 
Date Palm Tree  +2.63 +1.66 +1.13 

 
4. CONCLUSIONS 

The main conclusions are:  A] The cooling effect of the tree was found to depend mainly on its canopy coverage 
level, and little on other species characteristics. B] The tree's effect in summer, in a hot-humid climate is 
significant. The effect is strongly related to the urban open space geometry. For any tree coverage level, the 
cooling effect is not constant : the deeper the open space, the smaller is the tree cooling effect. C] In urban 
streets with deep open spaces, the effect of trees on the microclimate is small. In such cases, trees with small 
canopy size that develop under urban conditions are more suitable than large ones. They are mostly needed 
along sidewalks for the benefit of pedestrians. 
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Abstract 
 
This paper examines the impact of various urban parks on their micro-climate in the city of Beer-Sheva, Israel, 
characterized by a hot, arid climate and their consequences on heat stress during the summer. The study was 
conducted in three urban park types: (a) grass lawn (b) indigenous tamarisk trees (c) exotic tipu trees. Those 
were compared to a built-up area and to meteorological stations in Beer-Sheva. The results showed that all of the 
three urban parks have almost the same cooling effect both during the day and the night. Although it was found 
cooler and more humid than its surrounding built-up area, the grass lawn was found to create uncomfortable 
conditions during day and night mainly due to the lack of shading and high relative humidity.       
 
Key words:  urban parks, hot and arid climate, grass, tamarisk trees, tipu trees, heat stress 
 
 
1. INTRODUCTION  
 
Studies have shown that green areas in cities can reduce temperature and increase relative humidity values 
within the urban space and create a “Park Cooling Island” (PCI) whose intensity depends on the type and 
characteristics of the vegetation as well as of the size and shape of the green area (Spronken-Smith and Oke, 
1998). These can produce different climatic effect, varying from one climate zone to another. However, some 
researchers have pointed out that vegetated areas can sometimes be warmer than the surrounding built-up area 
and hence cause uncomfortable micro-climatic conditions (Grimmond, 1996; Jauregui, 1997; Potchter et al., 
2006). The urban parks cooling effect is particularly important in hot, arid climates due to its impact on human 
heat stress reduction.  
The city of Beer-Sheva is located in a hot, arid climate (204 mm), characterized, during the summer, by high 
values of solar radiation, high temperatures (32.7°C) and low relative humidity values (33-38%) during the day, 
high diurnal and seasonal temperatures fluctuation. All of these are liable to create uncomfortable conditions for 
human. Few studies have examined the urban climate as well as the climatic effect of vegetation in cities located 
in hot, arid climates. Studies found that the desert cities can develop an “Urban Heat Island” (UHI) in summer and 
increase human heat stress. (e.g. Sofer and Potchter, 2006; Balling and Brazel, 1986). Studies in Phoenix and 
Tucson, Arizona examined the climatic effect of urban green areas. These concentrated mostly on trees at the 
street level (e.g. McPherson and Haip, 1989: Celestian and Martin, 2004). Sofer and Potchter (2006) found that 
the urban park of Eilat was cooler by up to 1-2 °C than its surrounding built-up area.  
The aim of this research was to examine the impact of various urban parks on the micro-climatic conditions in the 
desert city of Beer-Sheva and their impact on heat stress. The hypothesis was that in arid area the influence of 
the vegetation on the micro-climate conditions would be stronger than in temperate climate zone, because the 
temperature decrease due to evaptranspiration would be stronger under dry conditions. 
 
2. METHODOLOGY   
 
The research was conducted in three different park types along the main road of the city within a distance of 1.5 
km from north to south (same topographical height, micro-climatic conditions and surrounding built-up area): 
a) A park composed only of grass lawn (grass) 
b) A park that contains indigenous (Saharo-Arabian) mature trees of Tamarisk aphylla (tamarisk) 
c) A park that contains exotic Tropical mature trees of Tipuana tipu (tipu). 
Three methods were used: 

1. In each park a fixed meteorological station was placed. A reference fixed meteorological station which 
represents the built-up area was placed in a parking lot of Ben-Gurion University (BGU P.L). All of the 
four fixed stations simultaneously measured temperature and relative humidity at a height of 2 meters 
above ground and wind velocity and direction at a height of 2.5 meters. The data was compared to data 
collected from the Ben-Gurion University meteorological station (Met. BGU) and to the Israeli 
Meteorological Service station in Beer-Sheva (Met. BSh), which represent the open spaces of the city. 

2. Mobile foot traverses were conducted simultaneously in each park type from the built-up area through 
the park to the facing built-up area at certain hours of the day. Measurements of temperature and 
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relative humidity were taken at a height of 1.5 meter using thermocouples and relative humidity sensors, 
which were connected to data loggers. Surface temperature was taken using Infra-red sensor and solar 
radiation using Licor Pyranometer. 

3. Heat stress calculations were made using data collected from all of the stations. 
The measurements were taken on the 8th to 9th of June 2005 during Azorean high on the first day and during 
withdraw Persian trarh second day. The conditions as measured by the Met. BSh were: high temperatures (31-32 
°C) and low relative humidity (30-40%). The measure ment lasted 36 hours.  
 
3. RESULTS 
 
The measurements showed three different behaviors between the stations. The built-up area appears to be the 
warmest during the whole measurement, the open spaces represented by the Met. BGU and Met. Bsh seem to be 
warmer than the vegetated areas during the day but with almost no difference during the night (fig. 1). The 
climatic behavior of all of the vegetation types was similar. The vegetated areas were found to be cooler up to 2 
°C compared to the open spaces during the day and u p to 5 °C compared to the built-up area (BGU. P.L).  During 
the evening and the night there was a decrease in the temperature differences of the vegetation. However, 
vegetation remains cooler by up to 1-1.5 °C than th e built-up area even during the night. The cooling effect of 
tamarisk and tipu was the same during the day, but during the night tamarisk was warmer (up to 1 °C) t han other 
vegetated areas. The grass was cooler than all of the other stations both during the day and the night. 
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Fig.1 Hourly temperatures in all stations during 8-9th of June 2005 
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Fig. 2 Relative humidity values in all stations during 8-9th of June 2005 
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Measurements of relative humidity (fig. 2) showed that all vegetated areas were found to be more humid than the 
other stations during the day but not during the night (except the grass). The relative humidity of the tamarisk and 
the tipu was alike during the day, while during the night the tamarisk was slightly drier than the tipu (up to 3-4%). 
The BGU P.L and the open spaces were drier by up to 7-10% than the vegetated areas during the day but almost 
no difference during the night (up to 90-93%) between them and the tipu. The tamarisk was found to be drier (up 
to 4%) than the tipu, BGU P.L and the open space stations during the night. The climatic behavior of the grass 
was different from the other vegetated area. It was moister than any other station during the day (up to 5-8% 
comparing the trees and 10-15% comparing the open spaces and BGU P.L) and by night the relative humidity 
values achieved 100%.  
In general, during the day the wind velocity was higher than during the night. A comparison of wind velocity 
between the stations shows that most of the time there were calm conditions (fig 3). Secondly, wind velocity was 
stronger (by approximately 1-1.5 m/s) in the open spaces (grass, Met. BGU and Met. BSh). Maximum speed 
velocity was at the grass station (5.7 m/s). During the night the differences between wind velocity in Met. BGU 
and Met. BSH and other stations decreased, but were still slightly higher (up to 0.3-0.5 m/s). It should be noted 
that most of the time wind velocity was below 1.5 m/s, while during the night calm conditions developed. 
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Fig. 3 Wind speed in all station during 8-9th of June 2005 

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

11
:0

0

12
:3

0

14
:0

0

15
:3

0

17
:0

0

18
:3

0

20
:0

0

21
:3

0

23
:0

0

00
:3

0

02
:0

0

03
:3

0

05
:0

0

06
:3

0

08
:0

0

09
:3

0

11
:0

0

12
:3

0

14
:0

0

15
:3

0

17
:0

0

Hour

H
ea

t s
tr
es

s 
ca

te
go

ry

Grass

Tipu
Tamarisk

BGU P.L
Met. BGU

Met. Bsh Medium cool strees

Light cool stress

Comfortable

Light heat stress

Medium heat stress

Severe heat stress

Unbarable

 
Fig. 4 PMV heat stress values in all stations during 8-9th of June 2005 

 
Calculation of human comfort conditions according to the Fanger (PMV) equation presents the different human 
climatic sensations in each park type (fig. 4). PMV clearly divides the six stations into 3 different groups. The first 
is that of the BGU P.L, which found to be the most uncomfortable during the day and the night (although better 
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than the open spaces). The second group is that of the open spaces. This group includes also the grass station 
even though it was the coldest and the moistest among all the other stations. Moreover, the stations experience 
light cold stress during the night while the trees do not. The last group is that of the trees (tamarisk and tipu). The 
heat stress values were found to be lower beneath the trees’ canopy compared to the grass, built-up area and the 
open spaces. In fact, the trees were the most comfortable spaces during the whole measurement. 
 
4. DISCUSSION 
 
This study analyzed the different impact of various types of urban parks as compared to open and built-up spaces 
on micro-climatic conditions and on human thermal comfort. The study indicated that given the conditions 
mentioned in the methodology section all of the vegetation types have a cooling effect. Vegetated areas were 
cooler than the open spaces and the built-up area during the day. During the night there is a decrease but it is still 
cooler than the other spaces. Even so, there were differences within the vegetated areas. Beneath the trees 
canopy the heat stress values were lower than in the grass, even though the grass was the most cool and humid 
area in the entire study. However, the combination of relative high temperature and high relative humidity values 
created a negative impact on human heat stress, despite the cooling effect of the grass. That could be explained 
by the lack of shading and high relative humidity values. In this case the contribution of the PMV calculations was 
important. It divided the different types of areas investigated in to clearer groups. So it emphasizes the importance 
and the contribution of shading trees, where the PMV values are much lower than in other spaces, to reduction of 
thermal stress, temperatures and some increase of relative humidity. Whereas the combination of solar radiation, 
wind speed, high temperatures and relative humidity, as shown in the open spaces, the grass and the BGU P.L 
creates very uncomfortable conditions both during the day and the night. Therefore, it recommended planning 
green areas with shade trees more than using grass lawns.     
This work also emphasized that the differences between green areas and built-up areas in a hot, arid city were 
greater (up to 5 °C) compared to moderate climate w here the approximate differences were 1-2 °C (Potch ter et. 
al., 2006)   
  
5. CONCLUSIONS 
 
Different urban parks in Beer-Sheva cause almost the same micro-climate effect during the hottest hours of the 
day and night. Even when the temperature differences decrease, the vegetated areas remain colder than the 
built-up area. However, despite the temperature reduction and an increase of relative humidity values, shade tree 
areas provide positive effect on human climatic comfort. Unlike the trees, the absence of shading during daytime 
in the grass lawn creates a negative effect on human climatic comfort sensation.  
The results of this study suggest that in a desert city like Beer-Sheva the most useful climatic type of vegetation is 
the shade tree, like tamarisk or tipu. It also recommended avoiding use of grass lawn, unless shaded. 
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Abstract 
 
This paper describes a method to evaluate the shading effect of a street tree on solar radiation. In former part of 
this paper, the method to evaluate parameters about the shading effect of plant canopy based on field 
observation is described. We evaluate ak’ as the parameter. ak’ is a product of leaf area density (=a) and 
absorption coefficient (=k’). In latter part of this paper, we evaluate ak’ on the field observation in Fukui. In addition, 
we investigate the leaves arrangement in tree crown and tree height. By these investigations, it is clarified that the 
value of ak’ is affected by tree species and the stage of growth of the roadside tree. 
 
Key words: tree, shading effect, leaf area density, growth stage of tree 
 
 
1. INTRODUCTION  
 
Roadside trees have great effects to relax outdoor thermal environment in summer. There are various influences 
in planting tree: the shading effect, the decrease of reflected heat, the diffusion of latent heat, the decrease of 
wind velocity and the increase of humidity. Thus the authors have developed a new plant canopy model based on 
numerical analysis [1]. The shading effect is one of the main features of this plant canopy model. Moreover, ak’ 
(which is a product of leaf area density (a) and absorption coefficient (k’)) is very important parameter for the 
shading effect of the plant canopy. However the database of ak’ for roadside trees is not available sufficiently. In 
this paper, we propose a method to evaluate parameter ak’, based on the theory of radiation damping. And we 
organize database of the parameter on each roadside tree properties or species. This parameter is used as input 
parameter for the plant canopy model developed by authors [1] to evaluate the outdoor thermal environment.  
 
2. METHOD TO EVALUATE QUANTITATIVELY THE SHADING EFFECT OF TREES ON SOLAR RADIATION 
 
2.1. EVALUATION OF ak’  
 
Table 1 shows the equation for calculating ak’. In this study, Utijima’s equation in Eq. (1) and (2) applies to 
estimating the value of ak’, which presents the theory of damping radiation by plant canopy [2]. ak’ is calculated 
by estimating the values of τ and l in Eq. (2). τ is transmittivity of solar radiation and l is length of radiation passing 
through a plant canopy. The estimations of τ and l are based on the field observation. 
 
2.2. EVALUATION OF TRANSMITTIVITY OF SOLAR RADIATION - ττττ 
 
Transmittivity of solar radiation in plant canopy (τ) is estimated by a method based on measurement of global 
solar radiation with pyranometer. Fig. 1 shows an image about the method to evaluate τ. The Point (A) is a space 
where there are no objects to block the solar radiation, and the Point (B) is the inside the shade of an individual 
tree. A simple method to evaluate τ is to calculate a rate of the amount of global solar radiation at Point (B) to (A) 
in Fig. 1. However the calculated value of τ with this method is overestimated, because extra sky solar radiation, 
which comes from another area except for a tree canopy, is included in the amount of global solar radiation on 
Point (B). τ calculated using the Eq. (3) is the value which removed the excessive sky solar radiation. The value of 
τ is more suitable than τ calculated by the simple method. 
The evaluations of Jdn and Jsh need dividing the amount of global solar radiation at Point (A) into direct solar 
radiation and sky solar radiation. In this study, Eq. (4) and (5) apply to the dividing method. These equations are 
presented by Bougure and Nagata [3]. Jdn and Jsh are divided by deciding atmospheric transmissivity (P) in Eq. (6), 
as the sum of Jdn and Jsh becomes the amount of global solar radiation at Point (A).  
The evaluations of As and At need analyzing overhead sky pictures taken from the location of put pyranometer. 
The method proposed by Shiosawa et al. [4] is employed here. A camera installed the fish eye lens (orthographic 
type) applies to shooting these pictures. The values of As and At turn out by dividing brightness distribution of 
parts to project tree crown and sky in these pictures into two values of white and black, with a function of graphic 
editor. As is a rate of the number of pixels of sky part to total pixels of sky and tree crown parts.  
 
2.3. EVALUATION OF LENGTH OF SOLAR RADIATION PASSING THROUGH A TREE CROWN - l 
 
l is estimated with a 3-dimensional tree model, as shown in Fig. 2, the solar position (altitude and azimuth) of time 
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for the field observation, and the location of a pyranometer. The 3-dimensional tree model is a model on geometry 
of tree whose transmissivity of solar radiation is estimated in field observation. The method for creating the tree 
model is following four steps: (1) taking pictures of the tree from four points of the compass; (2) analyzing the 
tree’s sizes (tree’s height, vertical length and width of tree crown, and the central height of tree crown) from these 
pictures; (3) creating one eighth elements of an asymmetrical and elliptical ball from these tree’s sizes; (4) 
combining those elements. 
 
Table 1 Equations in this study 

lak'e−=τ     (1) 

( )
l

ln
ak'

τ
−=     (2) 

shtdn

shstree

JAJ

JAS

⋅+

⋅−
=τ     (3) 

sinhPJJ 1/sinh
odn ⋅⋅=    (4) 

( )0.32sinh0.66JJ osh −=  

    ( ){ } ( )1/sinhP1sinhsinh0.3P0.40.5 −−+×  (5) 

shdn JJS +=     (6) 

where: 
τ: transmissivity of solar radiation (-); 
l: length of solar radiation passing through a tree crown (m); 
a: leaf area density (m2/m3); 
k’: absorption coefficient (-); 
Stree: The amount of global solar radiation at the inside  
of the shade of an individual tree (W/m2); 
Jsh: The amount of horizontal sky solar radiation (W/m2); 
Jdn: The amount of horizontal direct solar radiation (W/m2); 
As: Sky view factor on location of put pyranometer (-);  
At: Tree View factor on location of put pyranometer (-); 
Jo: Solar constant (W/m2); 
h: Solar elevation angle (°); 
P: atmospheric transmissivity (-); 
S: The amount of global solar radiation at a space  
where there are no objects to block the solar radiation (W/m2). 

 
3. MEASUREMENT OF LEAVES ARRANGEMENT IN A TREE CROWN 
 
In general, it is desirable to estimate the leaf area density (a) of each tree 
in order to evaluate the various influences of tree. For estimating a using 
the method mentioned above, it is necessary to estimate the value of the 
absorption coefficient (k’) separately. However, it is not enough to 
evaluate the property and function of k’ for each roadside tree species. It 
is generally thought that the leaves arrangement in a plant canopy affects 
the value of k’. It will be possible to obtain the useful information to 
estimate the k’ of each plant canopy by evaluating the property of the 
leaves arrangement. Therefore we measure inclinations of leaves to 
horizontal plane and azimuths of leaves, as shown in Fig. 3, in order to 
estimate the leaves arrangement in each tree crown. The inclination of a 
leaf is measured by parallelizing a semicircular protractor, which hangs a 
spindle with string, to the surface of a leaf. The azimuth is also measured 
by reading the direction of normal vector of a leaf surface with a compass, 
and is classified in 16 directions. 
 
4. OUTLINE OF THE FIELD OBSERVATION 
 
The field observation of roadside trees in cities of country side of Japan 
(Fukui prefecture) was carried out using the method mentioned above. 
The measured tree species were the main species of roadside trees in 
Japan. The field observation had two periods (Period 1 (July-September 
in 2002) and Period 2 (October in 2004)). The global solar radiation on 
Point (B) (Stree) was measured per minute during 10 minutes in daytime 
on sunny days. The location to put the pyranometer for measuring Stree was on the ground inside the shade of 
measured tree crown. The global solar radiation on Point (A) (S) was also measured per minute in parallel with 
measuring Stree. The leaves arrangement in tree crown was estimated by measuring 30 leaves in the lower part of 

  

 

 

 
 

Length of solar radiation 

Direct solar radiation 

Pyranometer 

Tree crown 

L 

 
Fig. 2 Image of the method to  

 estimate l 
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Figure 1  Image of a method to estimate the value of τ with pyranometer 
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tree crown evenly to all directions in Period 1. In Period 2, in order to estimate the more detailed information about 
the arrangement, 40 leaves in each one eighth part of tree crown, as shown in Fig. 2, were measured. Therefore 
the inclination and azimuth of 320 leaves in each tree crown was measured in Period 2. Because of the 
measurement of leaves in Period 2, we chose the low trees whose height was in the range of 3-5 (m). 
 
Table 2 Outline of the field observation 

Mesured Period Period.1�Jul-Sep in 2002� Period.2�Oct in 2004� 
Pyranometer 

location No objects to block Shade of trees No objects to block Shade of trees 

Place of 
mesurement 

Roof of Fukui university in 
Fukui Fukui-shi, Fukui,  Roof of O-primary school in 

Mikuni-chou, Sakai-gun, Fukui 
Mikuni-chou and Awara-shi, 

Sakai-gun, Fukui 
Height of tree  No limit  About 3-5 (m) 

Mesured leaves  30 leaves  320 leaves 
Species (scientific name) Number Species (scientific name) Number 

Sweet gum (Liquidambar styraciflua) 9 Sweet gum (Liquidambar styraciflua) 2 
Camphor (Cinnamomum Camphora) 8 Camphor (Cinnamomum Camphora) 3 

Ginkgo (Ginkgo bilaba) 7 Japanese white Oak (Quercus myrsinaefolia) 3 
zelkova (Zelkova serrata) 8 Tabunoki (Machilus Thunbergii) 5 

Cherry tree (Prunus yedoensis) 8 Chinese tallow tree (Sapium sebiferum) 3 
Tabunoki (Machilus Thunbergii) 10   

American sycamore (Platanus occidentalis.) 9   

Species name 
and 

The number of 
trees 

Poplar (Populus nigra var. italica) 6   
 
5. RESULT 
 
5.1 LEAVES ARRANGEMENT IN PLANT CANOPY 
 
Fig. 4 shows the distribution of azimuth of leaves surface which is 
measured in each direction part of plant canopy. In this measurement, 
the azimuth of leaves surface tends to be identical with the direction 
of part for sampling leaves. For example, in the result of south part 
(―), the percentage of azimuth of south is about 14 (%), and is the 
highest percentage of all the results from measuring leaves in the 
south part of plant canopy. This tendency is also found in the result of 
the other parts of measured leaves. 
Fig. 5 represents the values of average and standard deviation of the 
inclination angle of leaves in plant canopy, with respect to each part 
of measured leaves in Period 2. The average values of each tree 
species show the range of 30-45 (°). The values of standard deviation 
are also the range of 15-20 (°). The results also s how that the 
differences of average and standard deviation between the results 
from measured lower part and that from measured upper part are 
small. Therefore, in the investigation in section 5.2, we evaluate the 
value of ak’ using the data combining the results of Period 1 and 
Period 2. 

 
5.2 RESULT OF ak’  
 
Table 3 shows the value of ak’ on each tree species. The value of ak’ on every species is about 0.43-1.79 (m2/m3). 
In this field observation, the tree species which is high value of ak’ has the following three properties: (1) a leaf 
area is large (ex. American sycamore and poplar); (2) many leaves are in tree crown (ex. Camphor, Japanese 
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white oak, Tabunoki, and Ginkgo); (3) evergreen tree. 
Fig. 6 represents a relation between ak’ and incident angle (θ) of solar radiation to leaves surface. In this result, 
the variation of θ has little relevance to the variation of ak’. It is thought that the result is due to the following two 
reasons: (1) The standard deviation of every species is slightly large. Hence θ for each leaf varies too; (2) Incident 
angle is calculated on not each part which solar radiation passes but all parts of plant canopy. 
Fig. 7 shows a relation between ak’ and the growth stage of trees. Here, the growth stage of trees is represented 
by the tree height. ak’ decreases in accordance with the increase of the tree height, except for Chinese tallow tree 
and Ginkgo. Additionally, the values of ak’ for the trees which are higher than about 6 (m) are close to about 0.5 
(m2/m3) without relation to tree species. In the beginning of this study, we thought that the value of ak’, with 
respect to tree species, was estimated with the inclination, azimuth and leaves arrangement in plant canopy. 
Hence, the result of Fig. 7 is the unexpected one for us. This result occurs by the increase of the void in tree 
crown with the growth of tree. Generally, there are not many leaves in the low trees crown, and it is easy for solar 
radiation to pass the tree crown. Therefore the leaves arrangement in the tree crown is homogeneous. On the 
other hand, there are many leaves in the high tree’s crown, and it is difficult for solar radiation to reach the centre 
of the crown. Therefore the crown gets the void. It is thought that the structure in tree crown of some species 
dramatically varies with growing. In the method mentioned above, l is evaluated without considering the void since 
the structure in plant canopy is assumed to be 
homogeneous. Therefore it is thought that this 
evaluation method overestimates the value of l. 
The decrease of ak’ with growing tree is caused 
by overestimating the increase of l than the 
increase of the term (-ln(τ)) in Eq. (2). 
However, this result also reveals the fact that the 
ak’ of the high tree using the numerical plant 
canopy model, which models the structure of plant 
canopy as homogeneous, should be about 0.5 
(m2/m3) without tree species. 
 
6. CONCLUSION 
 

(1) A method to evaluate the shading effect of roadside tree based on field observation is proposed in this study. 
(2) The inclination of leaf surface in tree crown is entirely homogeneous, and the azimuth tends to be identical 

with the direction of parts of measured leaf. 
(3) ak’ is affected by tree species and growth of roadside tree. 
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   Table 3 Result of evaluation of ak’ on each tree species 
Species Classification*** τ (-) ak’(m2/m3) 

Sweet gum 1, 3 0.14 0.74 
Camphor tree 2, 3 0.07 1.08 

Japanese white oak 2, 3 0.04 2.68 
Tabunoki 2, 3 0.10 1.16 

Chinese tallow tree 1, 3 0.13 1.69 
Platanus 1, 3 0.04 0.67 

Japanese zelkova 1, 3 0.24 0.43 
Cherry tree 1, 3 0.09 0.58 

Poplar 1, 3 0.08 0.61 
Ginkgo 1, 4 0.06 0.58 

***Broad leaf tree = 1, Evergreen tree = 2, Deciduous tree = 3, Acicular tree = 4 
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SEASONAL BEHAVIOR OF A MANMADE OASIS IN AN EXTREMELY  
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ABSTRACT  
The 'oasis effect' is defined as a reduction of temperature resulting from a moisture source. This study examined 
the 'oasis effect' created by different types of vegetation, in the summer and winter seasons, in a desert 
settlement in Israel. In the summer season, all types of vegetation created a significant cooling effect (up to 40C) 
developed during night time. In the daytime, the reduction in temperature was limited (up to 20C), and some types 
of vegetation had a warming effect. In the winter, all types of vegetated areas in the settlement were warmer than 
the open desert and maximum warming effect was recorded at night ( up to 20C).  
 
 
Key words: oasis effect, climatic buffer effect, desert environment, plants and climate. 

 
1. INTRODUCTION  
 
The 'oasis effect' is defined as a reduction of temperature resulting from a moisture source (water and 
vegetation). Some researchers  attribute this phenomenon to evaporation cooling (Oke, 1987), while others 
attribute it to shading (Givoni, 1991). Studies on the influence of vegetation on climatic parameters often use the 
‘oasis effect’ to describe the vegetation cooling effect, even though they are conducted in various climates and 
settings - urban or rural  (Jonsson, 2004; Oke, 1987;  Spronken-Smith et al., 2000; Taha, 1991). The use of the 
term 'oasis effect' in these contexts is a wider application of the classical definition. 
It appears that relatively few studies have examined the classical ‘oasis effect’ in the desert environment. Budyko 
(1977) reported that summer temperatures of big oases (> 3 km width) could be 3°C cooler than desert 
surroundings, and small oases (< 3 km width) were 2.5°C cooler than their desert surrounding (42° lati tude). Kai 
et al. (1997) studied the climatic effects of the agricultural belt (Zhangye Oasis in the Hexi Corrider, 38°-39°N) in 
the Gobi Desert, China. Afternoon near-surface temperatures in the oasis were 7°C cooler than the deser t 
surroundings. The above studies were conducted in the cold desert environment (BWk according to Köppen 
classification). In Israel, Schiller (1974) studied the climatic behavior of a Negev liman and found no significant 
temperature differences between the liman and its open surroundings. Sebba et al. (1984) investigated two desert 
kibbutzim and found that during late afternoon hours the vegetated areas were up to 2.20C cooler than the arid 
surroundings. Saaroni et al. (2003) restudied one of these kibbutzim and did not obtain significant differences. 
The above studies focused on the climatic effects during daytime hours in the summer season and did not 
attempt to characterize the type of vegetation creating the 'oasis effect'. 
This study examined the diurnal 'oasis effect', in the summer and winter seasons, during a period of two 
consecutive years. The effect of different types of vegetation (local desert and imported subtropical) on climatic 
variables was studied. Determination of the existence of the desert ‘oasis effect’ and isolating and quantifying the 
various factors contributing to its development and dynamics has potential implications for development and 
habitation of the largest geographical area in the world, which still is hardly inhabited. 
 
 
2. STUDY AREA AND METHODOLOGY 
 

The settlement of En Yahav was selected as the study site for the present study due to its size and well 
developed and diverse vegetation. En Yahav is located in the center of the Arava Valley in southern Israel. The 
Arava Valley is part of the mid-latitude global desert zone and its climate is defined as extremely hot and dry. This 
is the hottest and driest region in Israel. Average annual precipitation is 32 mm. Mean daily temperature during 
July is 29.70C (range between 22.3–37.10C), temperatures above 400C are not uncommon and often 
temperature rises above 450C. The mean relative humidity value in July is 35% (range between 24–48%). 
Average daily temperature during January is 13.80C (range between 8.3–19.30C) and temperatures below 00C 
occur. Mean relative humidity value in January is 52% (range between 41–65%). Climate data were obtained from 
the Sapir meteorological station (located 8 Km south of En Yahav, height 10 meters below sea level). 
The vegetation within the settlement- mostly subtropical trees and bushes - is well developed and varied. 
Experiments extended for four days during the summer (July) and winter (January) of two consecutive years 
(2004-2006). Measurements were carried out with mmeteorological stations placed in different locations in and 
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around the settlement, representing different vegetation and landscape: 1) open desert environment, 2) grove of 
local desert trees Tamarix articulata, 3) irrigated date plantation, 4) subtropical trees planted on a north-south 
avenue, 5) area of open grass surrounded by trees.  For these measurements, temperature, relative humidity, 
wind speed and direction were measured.  
 
2. RESULTS AND DISCUSSION 
 
Summer: Results of hourly temperatures were plotted in two groups: one compares the open desert to irrigated 
sub-tropical vegetation within the settlement and the second compares the open desert to local desert vegetation 
(grove of Tamarix trees and a date plantation). In the summer, a relativly limited cooling effect of up to 20C was 
created during daytime by sub-tropical trees, while the local desert trees had a slight warming effect of up to 
1.50C. During the nighttime, all types of vegetation lowered the temperature in comparison to the desert: a 
significant cooling effect of up to 40C developed under the sub-tropical trees and a weaker cooling effect of 2.50C 
developed under the desert trees. The open grass was  the warmest station during the day and the coolest during 
the night (Fig. 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results of relative humidity measurements demonstrate that during nights 1 and 3 of the experiment, relative 
humidity values were lower, with peak values ranging from 25–35%, while night 2 of the experiment was 
characterized by extremely high relative humidity values, reaching up to 70% (Fig. 2).  
Results of wind velocity measurements show that wind velocity was significantly lower in all the stations in 
comparison to the open desert. When wind velocity reached its peak, values measured inside the oasis were up 
to one third the values measured in the open desert (4.5 m/s as compared to 14 m/s). During the night, when 
wind velocity was minimal, calm conditions developed inside the oasis. Examanition of the relationship between 
wind velocity and temperatures demonstrates that increase in wind velocity is paralled by reduction of 
temperature differences between the desert and vegetated stations. This phenomenon occured during afternoon 
and evening hours when the Mediterranean breeze reaches the Arava Valley (Fig. 3). 

 
In summary, during the summer, the significant 
climatic effect of the vegetation is the nightime 
cooling effect, which is more pronounced with the 
subtropical vegetation as compared to the local 
desert vegetation. It should also be noted that the 
cooling effect of vegetation was much more 
significant on days 1 and 3  of the experiment, while 
during day 2, which was characterized by extremely 
high relative humidity values, the cooling effect of 
the vegetation was much more limited, both in its 
duration as well as its intensity. Hence it appears 
that the cooling effect of vegetation is inversely 
related to  the relative humidity. 
 
 
 
 
 

 

Fig. 1: Hourly temperature in different types of 
vegetation and open desert, 31 July – 3 
August, 2005 

Fig. 2: Hourly relative humidity in different 
types of vegetation and open desert,
31 July – 3 August, 2005 

Fig. 3: Hourly wind velocity in different types of
vegetation and open desert, 31 July – 3 
August, 2005 
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Winter: During the winter experiment the weather condition varied from day to day. During the first two days, a 
barometric low created stormy conditions accompanied by high wind velocity, cloudiness and rain. During the last 
two days of the experiment weather condition were stable. Throughout the stormy days no significant differences 
in temperature and relative humidity value were observed between the stations. The only siginificant differences 
observed were wind velocity values that were lower inside the vegetated areas as compared to the open desert 
(Fig. 4). Once weather conditions stabilized, temperature differences between the stations developed as follows: 
during the daytime hours, all types of vegetation had a slight cooling effect up to 20C which was limited to midday 
hours. During the nightime, all types of vegetation had a warming effect up to 20C which extended for most of the 
night (Fig. 5).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In order to emphasize the different climatic behavior of each type of vegetation as compared to the open desert, 
differences in temperature between the desert and the various types of vegetation studied were plotted (Fig. 6). 
 

 

Fig. 5: Hourly temperatures in different types 
of vegetation and open desert, 4 - 6 
February, 2006 

Fig. 4: Hourly wind velocity in different types 
of vegetation and open desert, 2 - 4 
February, 2006 

Fig. 6: Hourly temperature differences between desert station and (a) subtropical trees, (b) grass, (c) date 
palm, (d) Tamarix during winter and summer [ Summer              Winter            ]. 
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From Fig. 6 it appears that the 'oasis effect' behaves differently in the winter and summer, and actually moderates 
extreme temperatures: reducing high temperatures in the summer and elevating low temperatures in the winter. 
This effect is more significant in subtropical vegetation as compared to local desert vegetation. 
 
 
3. CONCLUSIONS 
 
This study investigated the impact of vegetation on climatic parameters during all hours of the day and during 
summer and winter seasons. The results obtained in the study suggest:  
 
1. The 'oasis effect' is a climatic buffering effect: a cooling effect and reduction in heat stress during the 

summer, as compared to a warming effect and reduction in cold stress during the winter.  
2. The development and dynamics of manmade 'oasis effect' and its intensity are influenced by the combined 

effect of interplaying factors: synoptic, vegetation type (desert, subtropical) as well as human activities 
(landscape design, irrigation). 

 
Further studies are under way. 
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THE CORRELATION BETWEEN CLIMATIC CONDITIONS IN DIFFERENT 

DESIGNED URBAN PARKS AND THEIR PATTERN OF USE 

 

Pninit Cohen1, Oded Potchter and Arieh Bitan 
Department of Geography and the Human Environment, Tel Aviv University, Israel 

  
Abstract 
This study analyzed the correlation between different micro climatic conditions in various types of urban 
parks during the summer, and their pattern of use. The study was conducted in different of urban parks: a 
park with grass and a few trees, a park with medium size trees and a park with high and wide canopy trees. 
In the park with high trees, 83% of the users felt climatic comfort. In the park that contains medium-size 
trees, 67% of the users felt climatic comfort. At the grass park, 59% of the users felt climatic comfort. Only 
few people visited this park in the morning or noon hours, while 42% visitors choose to come after 17:00. 
The results points out that micro-climate condition in the parks have an impact on patterns of users.  
 
Key words: urban parks, grass, well-treed, pattern of use.  

INTRODUCTION 

 
Studies have shown that urban parks can change the micro-climate conditions within the urban space and 
can create a “cool island”, the intensity of which depends on the type and quality of the vegetation (Givoni, 
1991; Sponken-Smith and Oke, 1998). Most of the studies concentrated on the cooling effect of the parks. 
However, few studies have suggested that vegetated areas can be warmer than the surrounding built-up 
environment and can create unpleasant micro-climatic conditions (Grimmoned, 1996; Jauregui, 1991; 
Potchter, 2006). Previous studies taken in the city of Tel-Aviv indicated that different types of vegetation and 
park’s design have different effects on micro-climate conditions and in some cases can create only a weak 
“Cool Island” and even increase temperature and heat stress conditions (Potchter et al, 2006). The aims of 
this study were to find the correlation between different micro climatic conditions developed in various urban 
park types and the pattern of use and the awareness of the users to the climatic conditions in the parks.  
 
METHODOLOGY 
 
The study was conducted in the city of Tel Aviv located in a coastal Mediterranean climate and experiences 
hot and humid weather conditions during summer (Bitan et al, 1992). The research units were three urban 
parks common in Tel Aviv. All parks are surrounded by dense built-up areas:  
Type A: Park with grass and few low trees (size of 25,000 m²). 
Type B: Park with medium size trees (size of 35,000 m²). 
Type C: Park with high and wide canopy trees (size of 28,000 m²). 
Two methods were used in this investigation: 
1. Investigation of the climatic conditions in the parks and in their built-up surrounding by two fixed 

meteorological stations that were situated in each park center and in its surrounding built-up area, 
measured temperature, radiation temperature, relative humidity and wind direction and wind speed.  

2. Observation of parks’ users and examination of their pattern of use in time and space by 
questionnaires.  

    

RESULTS 

The results of the climatic conditions showed that parks can cause both positive and negative change in 
micro-climate conditions within the urban space. An urban park with high and wide-canopy trees had 
maximum cooling effect during daytime up to 2.5ºC, and created the best climate comfort conditions. An 

                                                 
1
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urban park with medium-size trees created less comfortable climatic conditions and reduced temperatures 
during daytime up to 2.2ºC. An urban park covered with grass was warmer up to 2ºC and therefore 
increased heat stress values during daytime. The temperature differences between the grass park and the 
treed parks can reach up to 5 ºC (Figure 1)! 
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Figure 1 – Hourly temperature differences between the center of the park and its surrounding built-up 
environment during 6-7th of June 2002.    
 
A measurement of black ball temperatures indicates the shading efficiency of the parks. In general, there are 
two patterns of diurnal behaviour: one includes the treed parks and the other includes the built-up 
environment and the grass park. The main temperature differences between the stations occurred during 
daytime and reached to 27ºC at the treed urban parks and 47ºC at park A on 12:00 -14:00 hr. During the 
afternoon temperatures reduced rapidly and at 20:00 hr, the gap between the various stations was 4ºC 
(Figure 2).  
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Figure 2 - Black ball hourly temperature at the center of the parks and its surrounding built-up environment 
during 6-7th of June 2002.  
 
Observations at 2002 measurements showed that the largest numbers of users were in the park C (high and 
wide-canopy trees) while the smallest numbers of users were in the grass park. Analyzing of questionnaires 
taken in the parks showed that in the park with high trees, 83% of the users felt climatic comfort, over 67% 
answered that the park is well shaded, people visited the park most of the day, 43% at morning and noon 
hours, 36% in the afternoon and evening hours and 5% at night (n=119). At the park that contains medium-
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size trees, 67% of the users felt climatic comfort. All the interviewed claimed that the park is well shaded. 
42% of visitors came at morning or noon time, 38% in afternoon and evening, 8% preferred to come at night 
(hours19:00-24:00) (n= 43). At the grass park, 59% of the users felt climatic comfort, while 33% of the users 
claimed that it was too hot (in comparison to 3-5% in the other parks). Surprisingly 83% of the interviewed 
answered that the park is well shaded, but analyzing their visiting hours shows that only few people visited 
the park in the morning or noon hours, while 42% of the visitors choose to come only after 17:00. About 50% 
did not have a specific hour to visit the park (n=36). Figures 3-5 demonstrate the users’ evaluation of the 
parks according to the questionnaires during 6-7th of June 2002.    
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Figure 3 - Evaluation of climatic comfort conditions in the parks by the users during 6-7th of June 2002.    
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Figure 4 - Evaluation of the shading conditions in the parks by the users during 6-7th of June 2002.   
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Figure 5 - Visiting hours at the three parks by users’ answers during 6-7th of June 2002.   
 
It should be pointed out that in the park with high trees 43% of the visitors came with babies or children while 
15% came to the park with their dogs. At the park that contains medium-size trees 45% of the visitors came 
with babies or children while 5% came to the park with their dogs. At the grass park only 26% of the visitors 
came with babies or children while 45% came to the park with their dogs (Figure 6). 
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Figure 6 – With whom visitors come to the park 
 
DISCUSSION 
 
This study points out the different pattern use of various types of urban parks, as results of their climatic 
characteristics. The climatological examination of the various parks showed that a well-treed urban park is 
cooler than its surrounding built-up environment while park covered with grass and only a few low trees can 
be warmer than the built-up area during the day (Figure 1). This can be explained by the lack of shading 
inside park A in comparison to the built-up street (Figure 2). Users of both parks that contain trees (B and C) 
were using this park along various hours of the day, show high evaluation of the shading conditions in the 
park and find the climatic conditions very satisfactory. Only low percentage (up to 5%) claimed that it was 
hot in the park, and high percentage (almost 50%) of the visitors spent time with their children and babies. 
More than 30% of the users of the grass park (A) claimed that it was hot in the park and up to 60% claimed 
that they fill comfortable in the park, but visiting hours where mainly after sunset (42%) or at no specific time 
(50%). About 45% of visitors came to the park to walk their dogs out while only 26% of the users came to 
spend time with their children.  
Another issue of interest is was the question why they are not using other locations within the park. In both 
treed parks up to 15% related to the noise nuisance, while at the grass park 51% of the users were troubled 
by the noise nuisance. 
        
 
CONCLUSIONS 
 
Analyzing the results of this research points out that micro-climate conditions that develop in the parks can 
influence on visitors’ patterns of use. It is also suggested that the right type of vegetation used in the park 
can cause better conditions for the parks’ users, which prolongs the visiting hours in the parks which makes 
the parks friendly and useful to the inhabitants in the community.  
With the growing concern to the well being of the urban inhabitants, the results of this research should be 
important for decision makers and for towns and parks planners, when planning our parks and places of 
leisure.   
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Abstract 
 
In order to study the thermal response of buildings and its influence on flow in urban canopies, we perform 
numerical simulations, with the model Mercure_Saturne, which is a 3-dimensional CDF code adapted to 
atmospheric flow and pollutant dispersion and which includes explicit building representation. In order to take into 
account the energy budget for each surface, we have adapted an infrared radiative scheme, available for complex 
geometry, to both long wave and short wave atmospheric radiation. We first validate  the radiative model with 
classical cases found in the literature. To further validate the scheme in real conditions and study the impact of 
heat transfers on flow, we perform simulations of the Mock Urban Setting Test experiment. 
 
 
Key words: CFD modeling,  radiative transfers, urban canopies 
 
 
1. INTRODUCTION  
 
The dynamical effects of buildings have been extensively studied using CFD techniques, usually assuming a 
neutral atmosphere and neglecting the thermal effects. Nevertheless, radiative transfers play an important role 
because of their influence on the urban canopy energy budget. In order to take into account the radiation budget 
in simulations of flow in urban areas, we have developed a radiative scheme in the atmospheric CFD model 
Mercure_Saturne. In this paper, we present the radiative scheme and its validation. 
 
2. PRESENTATION OF THE MODEL   
 
The CFD model Mercure_Saturne is a 3-D model adapted to atmospheric flow and pollutant dispersion 
simulations. Its core code is the general-purpose CDF code Code_Saturne (EDF R&D). Mercure can perform 
detailed numerical simulations in urban areas, including explicit building representation.  In our simulations, we 
use an eulerian approach, with a k-eps turbulence closure and take into account the meteorological conditions 
(Milliez and Carissimo, accepted in Bound-Layer Meteor.). 
 
We have adapted for atmospheric conditions a radiative heat transfer scheme available in Code_Saturne for 
complex geometry. For a grey semi-transparent non-diffusive media, the radiative source term Srad is given by: 
 

Srad (x, S)  =  - ∇∇∇∇ . (∫ I(x, S) S dΩ)  with 

∇∇∇∇ . (I(x, S) S)  =  -KI(x, S) + KIb(x, S), 
 

where dΩ is the elementary solid angle, S the direction of propagation, I the intensity of radiation, Ib the black 
body intensity and K the coefficient of absorption. In our simulations, we first assume the air to be transparent 
(K=0).  
For the upper boundary conditions, the scheme can be either implemented with sky observations or coupled with 
a classical atmospheric scheme. 
 
2.1. Short-Wave radiation 
 
The radiative scheme was adapted to model the atmospheric short wave (SW) radiation, which is composed of 3 
terms:  
 

SW= SW (direct) + SW(diffused by atmosphere) + SW (diffused by envir.), 
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where SW (diffused by envir.) includes multi reflections on the ground and building surfaces. While the direct 
short-wave radiation is unidirectional, the diffuse one is assumed isotropic.  
 
 
2.2. Long-Wave radiation: 
 
The long-wave (LW) radiation takes also into account multi reflections on the ground and building surfaces. The 
net long-wave flux L* for each surface is given by: 
 

 L* = ε [LW (from atmosphere) + Σ LW (from other surfaces)] - ε σ T4. 
 
And the outgoing flux for each surface is given by: 
 

 L↑ = ε σ T4 + (1-ε) [ LW (from atmosphere) + Σ LW (from other surfaces)]. 
 
2.3. Surface temperature: 
 
The surface temperature is modelled with a force-restore method: 
 

 dT/dt = √(2ω) /µ  F* – ω (T – Tg/b), 
 
where ω is the earth angular frequency, µ is the thermal admittance, F* is the total net flux  and Tg/b  is either 
deep ground or interior building temperature. 
 
 
3. VALIDATION 
 
3.1. Short-Wave radiative scheme: 
 
The short-wave radiation scheme is validated with classical cases found in the literature. Figure 1 shows the 
comparison with the effective albedo measurements of Aida (82) for modelled flat and built surfaces. 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure1:  Comparision with Alda (82) experiment of surface albedos  
 for a flat surface (full line) and an array of cubes (dotted line) 

 
The model reproduces accurately the trapping of solar radiation by the obstacles, inducing a decrease of the 
surface albedo. 
 
3.2. Long-Wave radiative scheme: 
 
The long-wave radiative scheme and the temperature model are validated with measurements of surface 
temperature and net long-wave radiation at night. Figure 2. compares modelled surface temperature at night with 
the measurements from (Nunez and Oke, 77) in a canyon street. The model is in good agreement with the 
measurements, despite a slight overestimation of temperature after 10 hours after sun set.  Nevertheless, the 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

267



  

results compare well with the ones obtained by  Johnson et al. (1991) and Masson (2000) for the same 
experiment. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure2:  Evolution of surface temperature at night in a canyon street.  

   Comparison with Nunez and Oke (1977) experiment. 
 
 
 
3.3. The Mock Urban Setting Test experiment 
 
The Mock Urban Setting Test (MUST) is a near full-scale experiment conducted in Utah’s West Desert, for the 
Defense Thread Reduction Agency  (DTRA) in September (2001) (Biltoft, 2001). It was designed to support 
development and validation of urban dispersion models and overcome the scaling limitations of laboratory 
experiments. The urban canopy is modeled as an array of 10 x 12 shipping containers. The orientation of the 
array is 27.25 ° westward the geographical North. I t provides detailed measurements for both dynamical and 
thermal features inside and outside the array, as well as radiation measurements outside the array. 
 
Figure 3 displays the variation of surface temperature outside the array, during 24h for the day of September 25th 
2001. For the same day, Firgure 4 compares the temperature variation for the 5 faces of a container in the middle 
of the array: Top face, NW face, SE face, NE face and SW face.  
 

 
 

Figure3:  Ground temperature outside the array (September 25th 2001) 
 
 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

268



 

 
Figure4:  Faces temperatures of a container faces in the middle of the array (September 25th 2001) 

 
 

The aim of our study is now to accurately model temperatures both outside and inside the array using our newly 
developed scheme and to reproduce the anisotropy observed for the different faces.  

 
 
 
4. CONCLUSIONS 
 
Short-wave and long-wave radiative schemes were developed in the CFD model Mercure_Saturne and validated 
with classical cases found in the literature. The MUST urban experiment conducted in West Utah’s Desert 
provides a detailed set of measurements to validate our radiative model and also to study the interaction between 
the radiative fluxes and the flow dynamics and its impacts on pollutant dispersion. 
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Abstract 
 
Comprehensive Outdoor Scale MOdel experiments for urban climate (COSMO) were introduced.  1/5 and 1/50 
outdoor scale models designed for studying urban climate were described, and their basic performances including 
physical scale similarities and energy balance were evaluated.  The 1/5 model surface geometry consisted of 
cubic concrete blocks 1.5-m on a side with 0.1-m thick walls. The blocks were distributed in an array on concrete 
pavement that has a total area of 100 x 50 m2. 1/50 smaller scale model was used to investigate the scale effect, 
which had the same surface geometry and material as the larger model. The models were next to each other. In 
addition to the conventional turbulent flux estimate using the eddy correlation method, the direct measurement of 
the heat storage using thin heat plates allowed us to precisely estimate the surface energy balance closure. The 
followings are the major results obtained. (1) Good agreements of albedo and drag coefficient between 1/5 and 
1/50 models confirmed the scale similarities for radiation process and turbulence process, respectively. The 
surface drag coefficient increased with increasing wind angle relative to the street axis from 0 (parallel to the 
street) to 45 (diagonally to the street). (2) Different diurnal variation of surface temperature and that of energy 
balance between 1/5 and 1/50 models revealed the dissimilarity of thermal inertia. (3) Surface energy imbalance 
(SEI) was observed, and the magnitude of SEI decreased with increasing the wind velocity. (4) The directly 
measured heat storage relative to the net radiation decreased with increasing the wind velocity. Finally, the further 
potential usages of these scale models and the scale-up strategy especially for overcoming thermal inertia 
mismatch is discussed. 
Key words: COSMO, Outdoor experiment, Scale effect, Scale model 
 
 
1. INTRODUCTION  
 

For understanding the unique features of urban climates, there have been many studies in real cities in which 
data was acquired using towers, aircraft, and satellites. However, such full-scale studies have not yet provided a 
comprehensive understanding of the complicated physical processes that contribute to urban climate. As a 
complementary method, we have also done studies using a reduced-scale model. Such a model has the 
advantages of allowing us to make complete measurements and to obtain data on a relatively uniform area. For 
example, we can probe the physical processes within and above the roughness sub-layer more completely than 
those in a real urban area. Also, by working with a uniform area, the results are easier to interpret and more 
suitable for urban modeling than data from real cities. Outdoor experimental studies using relatively large scale 
obstacles (h~1 m) such as MUST (Yee and Biltoft, 2003) and Kit FOX (Hanna and Chang, 2001) focused on 
dispersion processes and did not analyze the energy balance. Recently, Pearlmutter et al. (2005) applied an 
outdoor scale model to energy balance estimation using a conventional profile method. Thus, we are continuing 
to improve upon our studies with reduced-scale models by increasing the scale, including detailed analysis of the 
energy balance.   

In September 2004, the Japanese Urban Climate Group of CREST (Core Research for Evolutional Science and 
Technology) has started Comprehensive Outdoor Scale MOdel experiments for urban climate (hereafter, 
COSMON) at scales of 1/5 and 1/50.  Our group has been running another 1/50-scale experiment since 2002 
(Kanda et al., 2005a) in a different site from the COSMO, but the scale is too small to investigate the 
microclimate within and above the canyon; also, the mismatch of the thermal volumetric heat capacity with real 
cities is large in the 1/50-scale model. Use of the 1/5 scale model should allow us to overcome these problems 
and we expect to obtain a clearer understanding of scaling by comparing results from 1/5 and 1/50 models. 

The purpose of this paper is three holds. The first is to introduce the model equipments, in which special 
designed instruments such as compact and high-frequency sonic anemometers, thin heat plates, and electric 
balance for measuring evaporation from concrete were installed. The second is to confirm the physical scale 
similarities for radiation, turbulence and thermal inertial. The third one is to evaluate the basic performance of 
scale models including drag coefficient and energy balance. Finally, the further potential usages of these scale 
models and the scale-up strategy especially for overcoming thermal inertia mismatch is discussed. 
 
2. EXPERIMENTAL SETUP  
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The scale models were located on a portion of the campus of Nippon Institute of Technology, Saitama 
Prefecture, Japan (39º04’N, 139º07’E). The study site is on the northern outskirts of metropolitan Tokyo and is 
100 km from the Pacific Ocean. Gentle terrain extends at least several tens of kilometers in all direction from the 
site. The land use is paddy field in summer and bare soil in winter. Dominant seasonal winds are northwesterly in 
winter and southeasterly in summer. The scale models were designed such that the longer axes were roughly on 
a NW-SE line. This provided appropriate fetch to produce sufficient internal boundary layers. Two different scale 
models were constructed. Cubic concrete blocks 1.5 m on a side with walls 0.1-m thick comprised the larger 
model. The blocks were distributed in a regular array such that the plane area density was 0.25 on the concrete 
pavement with dimensions of 100 x 50 m. Cubic, solid, concrete blocks 0.15 m on a side comprised the smaller 
model. The smaller blocks were regularly distributed with a plane area density of 0.25 on flat concrete plates with 
dimensions of 12 x 12 m. The two models were adjacent (Figures 1 and 2). 

The unique instrumentation of the COSMO allowed direct measurement of conductive heat flux and surface 
temperature for each unit of the constituent surface, i.e., roof tops, vertical walls, and floor/ground. This was 
achieved using very thin and highly accurate heat plates that were coated with the same material used to make 
the obstacles. A total of 164 heat plates (Captec HF-300 0.3 x 0.3 m in size and 0.4-mm thick) were used to cover 
completely a unit of constituent surfaces in the larger model. A total of 72 heat plates (Captec HF-50 0.05 x 0.05 
m in size and 0.4 mm thick) were used to cover completely a unit of constituent surfaces in the smaller model. 
The sampling frequency was 1 Hz.  

Preliminary experiments to determine the vertical profiles of turbulent statistics and temperature at the center of 
the larger model suggested that the internal boundary layer (IBL) height ranged from 2.5 to 4 times the cube 
height H. The reference height, which was the height at which turbulent fluxes and reference variables were 
measured, was set to two times the cube height after considering the minimum IBL height. A compact sonic 
anemometer with a sensor span of 0.05 m and a sampling frequency of 50 Hz (Kaijo TR90-AH) and an infrared 
CO2/H2O open-path analyzer (LI-COR LI-7500) with a sampling frequency of 20 Hz were installed at 2 H for each 
model. The instruments were used to estimate the momentum and the sensible and latent heat fluxes using eddy 
covariance (EC) methods. Air temperature was measured by 50-µm bare thermocouples with a sampling 
frequency of 1 Hz that were installed at 2 H and 0.5 H in a cross section at the center of each model. Upward and 
downward shortwave and longwave radiations were separately measured at 3 H with a radiation-balance meter 
(Eko MR-40) at a sampling frequency of 1 Hz 
   The integration time for all relevant variables discussed below was commonly 30 minutes, although the 
sampling frequencies were different instrument to instrument. The turbulent statistics were calculated with the 
coordinate axes rotation by McMillen (1988). The latent heat flux from the EC method was corrected for density 
effects (Webb et al., 1980). The data from December 2004 to march 2005 were used for the analysis. To ensure 
high data quality, we used data only from days in which the percentage of time with sunshine exceeded 75 % and 
the wind direction was NW±30. Such days were determined using data from the central tower of the 1/5 model. 
The number of selected days was 17. 
 
 
 
 
 
 
 
 
 
 
 
        Figure 1   Photo of 1/5 and 1/50 scale models (upper) 
 
        Figure 2   Plane view of COSMO site (right)  
 
 
3. PHYSICAL SIMIRARITY 
 
3.1. Radiation 

As long as the same surface material is used and the same meteorological condition is given (this is actually the 
case for the present models), the similarity of radiation always occurs because the linear dimensions of scale 
models are much larger than the relevant radiation wavelengths. Albedo of shortwave radiation is the best index 
to examine the radiation similarity since long wave radiation balance is influenced not only the radiation process 
itself but also by surface temperature which strongly depends on the other physical processes such as thermal 
inertia. The albedos of 1/5 and 1/50 models correlate very well (Figure 3), which is the evident of the radiation 
similarity. 

 
3.2. Turbulence 
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   The similarity of turbulence should be examined using the vertical profiles of turbulent statistics within and 
above urban canopies (Uehara et al., 2003). This is impossible in the present setup since no such small sensor 
exists for measuring the detailed turbulent structure of the 1/50 model. Instead, we compare the local drag 
coefficients (Cd) in the roughness sublayer at Z/H=2 as an indirect measure of flow similarity, since it is well 
known that neutrally-stratified fully developed turbulences with the same geometrical condition have a constant, 
independent of the Reynolds numbers. Figure 4 shows the Cd  versus the wind velocity at Z/H=2 of each model, 
in which only the data with NW±5°wind direction (al most parallel to X-axis) are plotted.  From Figure 4, it is 
evident that more than 1 m s-1 wind conditions produce almost a constant value of   0.025 both for 1/5 and 1/50 
models.  
   
 
 
 
 
 
 
 
 
 
 
 
 
 
                Figure 3    A diurnal change of canopy albedo              Figure 4   Drag coefficient vs. wind velocity 
 
3.3. Thermal inertia  

We expected that the similarity of thermal inertia was not satisfied since the volumetric heat capacity of the two 
models was different (Kanda, 2005a).  Actually, some difference between the two models was found in the ratio of 
heat storage G to net radiation Rn, which has been often used as a good index of the thermal inertia (Grimmond 
and Oke, 1999).  An example of diurnal loop of Rn and G is shown in Figure 5. The G of the 1/50 scale model is 
slightly smaller due to its smaller volume. Figure 6 shows another example of diurnal courses of radiative surface 
temperature derived from the measured upward longwave radiation. The maximum temperature of 1/5 model is 
lower and later than that of 1/50 model. These results suggest that the thermal inertia mismatch does exist; the 
mismatch is of heat storage is at most 100 W m-2 and that of radiative surface temperature is at most 1 to 2 (K).  
Probably, the thermally active thickness of concrete is comparable to the scale of 1/50 (0.15m).  Pearlmutter et al 
(2005) reported that their scale model with a size of 0.3 m simulates well the thermal inertia of the real even in a 
acid region where the radiative forcing is much stronger. Therefore, 1/50 model would be near the borderline of 
thermal inertial similarity while 1/5 model is expected to well above it. 
 
 
 
 
 
 
 
 
 
 
 
 
 
      Figure 5    Net radiation (Rn) vs. Heat storage (G)          Figure 6  A diurnal change of radiative temperature 
 
 
4. ENERGY BALANCE 
 
4.1 Energy imbalance problem 

The accumulation of data in a number of forests has revealed that the sum of sensible and latent heat fluxes 
H+LE estimated by the EC method is often less than the difference between the net radiation and the heat 
storage Rn-G (e.g., Lee and Black, 1993; Twine et al., 2000). This is the so called energy imbalance problem. In 
urban fields, however, energy balance closure has never been investigated so far due to the lacking of direct 
measurement of heat storage term. Although the possible reasons for the energy imbalance is numerous (e.g., 
Mahrt, 1998), large turbulent organized structures in the atmospheric boundary layer can physically account for 
the shortcoming of turbulent fluxes estimated by the EC method (Kanda et al., 2004).  Figure 7 shows the 
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relationship between H+LE and Rn-G for the present models, in which energy imbalance is obvious. The 
inclination of H+LE vs. Rn-G is about 0.8, which is close to the value observed in a forest region (Lee and Black, 
1993). The magnitude of the energy imbalance decreases with increasing the wind velocity (Figure 8). Such wind-
dependency is commonly found in forest data (e.g., Lee and Black, 1993) and in a large eddy simulation output 
(Kanda et al., 2004).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7   Energy imbalance (Rn-G  vs. H+LE)                              Figure 8  Energy imbalance vs.wind velocity 
 
4.2 Heat storage and wind velocity 
Thanks to the direct measurement of conductive heat flux into the surface, the relationship between surface 
energy partition and wind velocity can be examined free of the energy imbalance problem that is seriously 
influenced by wind condition as discussed in Figure 8. Although it is well known that surface temperature 
difference between rural and urban strongly depends on wind condition (Oke, 1987), which is attributed both to 
convection and advection effects, systematic analysis of surface energy partition in relation with wind is rare.  
Grimmond and Oke (1999) investigated the heat storage fraction relative to the net radiation G/Rn for seven cities 
in North America and suggested that wind was one of influential factors on G/Rn, although the heat storage was 
estimated from the residual of energy balance and their simplified prediction model of G/Rn did not include the 
wind effect as the first approximation.  Figure 9 shows the heat storage fraction G/Rn for the day times and the 
night times. From Figure 9, it is demonstrated that the G/Rn slightly decreases with increasing wind velocity. This 
is due to the enhancement of turbulent mixing under windy conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                   Figure 9  G/Rn vs. wind velocity         left: daytime, and right: night time 
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EVALUATION OF SIMPLE URBAN ENERGY BALANCE MODEL FOR MESO-
SCALE SIMULATION (SUMM) WITH COMPREHENSIVE OUTDOOR SCALE 

MODEL EXPERIMENT FOR URBAN CLIMATE (COSMO) 
Toru Kawai, Manabu Kanda 

Tokyo Institute of Technology, Tokyo, Japan 
 
 
Abstract 
 
A Simple Urban energy balance Model for Meso-scale simulation (SUMM) was proposed.  SUMM was validated 
using Comprehensive Outdoor Scale MOdel Experiment for urban climate (COSMO).  Two important land surface 
parameters (LSP) were obtained from COSMO, one is roughness length for heat and the other is data of bulk 
transfer coefficients of constituent surfaces.  These LSP were incorporated into SUMM.  The simulated energy 
balance, surface temperature and room temperature show good agreement with observed results from COSMO. 
 
Key words: outdoor scale model experiment, urban canopy model, land surface parameter 
 
 
1. INTRODUCTION  
 
The urban surface geometry has a large influence on the energy exchange at the urban surface-atmosphere 
interface.  In recent years, simple urban canopy models for atmospheric models (UCM) have been proposed (e.g. 
Masson, 2000; Kusaka et al., 2001; Malrilli).  We also have developed a Simple Urban energy balance Model for 
Meso-scale simulation (SUMM) (Kanda et al 2005a and 2005b).  In the UCM, complex effects of urban surface 
geometry including the radiation trapping inside the street canyon and the increase of thermally effective surface 
area, are more properly considered than conventional slab models.  However, some important land surface 
parameters (LSP) used in UCM are not well understood. 

In April, 2003 we started Comprehensive Outdoor Scale MOdel experiment for urban climate named COSMO 
project.  In the project, two different scale outdoor models are used.  By using homogeneous model setup, the 
results are easier to interpret and are more suitable for urban modeling than the data obtained from real cities. 

In this study, following minor improvements to SUMM have been made.  (1) Model surface geometry was 
extended to multi-layer facet and staggard obstacle arrays, and  (2) room temperature prediction sheme was 
incorporated.  The ratio of roughness length of momentum against heat (kB-1) and the bulk transfer coefficients 
(BTC) of constituent surfaces were obtained from COSMO.  These LSP were implemented into SUMM.  The 
simulation results of energy balance, surface temperature and room temperature show good agreement with 
observed results from COSMO. 
 
2. SIMPLE URBAN ENERGY BALANCE MODEL FOR MESO-SCALE SIMULATION (SUMM) 
 

(a)                                                                       (b) 
 

W
W

LR

∆ H H

L
R

Street 
axis

 
Figure 1: Model geometry ((a)) and resolution ((b)) 

 
The details of SUMM are described in Kanda et al. (2005a and 2005b).  Therefore, the outline of the model is 
briefly reviewed here.  The surface geometry employed in the model is illustrated in Figure 1.  The model 
considers explicit 3-dimensionality of the urban surface.  The increase of thermally effective surface is uniquely 
characterized by the two geometrical parameters of plane aspect ratio and frontal aspect ratio.  In the model, 
streets and buildings are represented by an infinitely extended regular or staggered array of buildings with square 
horizontal cross-sections (Figure 1(a)) and a uniform surface property.  The urban surface consists of a roof, a 
floor and 4 vertical walls which are divided in horizontal direction (Figure 1(b)). 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

274



The main features of SUMM are as follows.  (1) The complex 3-dimensional radiation processes (multi-
reflection processes) are solved theoretically with the assumption of Lambertian surface and no mirror reflection.  
(2) Sensible and latent heat fluxes are calculated by conventional heat transfer expression involving a network of 
resistances (Masson, 2000; Kusaka et al.,2001) (Figure 2).  (3) The BTC of local facet i (CH(i)) is determined from 
the following two steps (top-down approach).  As the first step, BTC of whole surface layer (CH) is determined 
from MOS (Figure 2(a)).  Next, CH is distributed to CH(i) using experimentally derived relative value of CH(i) (2nd 
step).  (4) Heat storage and surface temperatures are calculated by solving one-dimensional energy conservation 
equation.  (5) Room temperature is predicted by solving the heat balance equation of the air inside a building. 
 

(a)                                                               (b) 

za 

zT+d 

CH 

                 

 

za 

CH(floor) 

CH(wall) 

CH(roof) 

 
 
 

Figure 2:  Network of resistance for turbulent transfers:  (a) Whole surface layer, (b) Local facets 
 

The problem is how to parameterize the Roughness length for heat and CH(i).  These LSP were obtained from 
COSMO described in the next section. 
 
3. COMPREHENSIVE OUTDOOR SCALE MODEL EXPERIMENT FOR URBAN CLIMATE (COSMO) 
 
3.1. Model set up 
 
A larger (1/5) and a smaller (1/50) reduced-scale models were built on the campus of Nippon Institute of 
Technology, Saitama Prefecture, Japan (36°01’N, 139°4 2’E). 
 
         (a)                                                                             (b) 

         
 
 

Figure 3: Outdoor scale models:  (a) 1/5 scale model, (b) 1/50 scale model 
 

We measured energy balance, surface temperature and temperature profile.  Turbulent fluxes were measured 
using a compact sonic anemometer with 0.05m sensor-span and 50Hz sampling frequency (Kaijo TR90-AH) and 
an open-path analyzer (LI-COR LI7500).  Conductive heat fluxes and surface temperatures were directly 
measured by using thin type heat flow sensors with thickness of 0.4mm, and areas of 30 x 30cm for 1/5 model 
and 5 x 5cm for 1/50 model (Captec HF-300,HF-50).  Direct measurement of conductive heat flux is the most 
important feature of this system because it is impossible to perform the same measurement in real cities.  We 
pasted a total of 164 pieces of sensors in 1/5 model and 72 pieces in 1/50 model to cover the whole surface of a 
unit area.  An advantage of direct measurement of heat storage is that we can obtain completely closed energy 
balance data free of the energy imbalance problem (Kanda et al.,2004).  
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3.2. Estimation of kB-1 parameter 
 
 Roughness length for heat (zt), which is commonly expressed as non-
dimensional parameter kB-1(=ln(z0/zt)), is a key parameter in the MOS 
framework.  However, knowledge of kB-1 in urban areas is quite limited (Voogt 
and Grimond, 2000).  We obtained a regressed function of kB-1 using a 
theoretical function of the roughness Reynolds number Re* (Brutsaert, 1982) 
(Equation (1)).  Where, α  is a constant.  The best-fit value of α  in 1/5 and 
1/50 models is 1.29 (Figure 4). 
 
                                        2Re* 25.01 −=− ακB                                     (1) 
 
3.3. Estimation of bulk transfer coefficient for heat of local facets (CH(i)) 
 
CH(i) is important parameters for UCM. However, there is no appropriate theory for determining the CH(i).  For 
this reason, the estimation of CH(i) has been a general problem in simple energy balance models (Barlow and 
Belcher, 2002; Barlow et al.,2004; Hagishima et al. 2005; Narita, 2003).  We measured CH(i) of roof, upper part of 
vertical walls (L1), middle part of vertical walls (L2), lower part of vertical walls (L3) and floor, respectively, using 
COSMO.   Figure 5 shows observation results of CH(i) normalized by the value of the roof, which was derived 
from 1/50 model experiments in daytime.  Where WDIR is the wind direction measured from the leeward surface 
of each vertical wall and FDIR is the wind direction measured from the street direction.  In general, CH(i)/CH(roof) 
becomes smaller and its dependency on wind direction decreases as the surface goes down to the lower part of 
the street canyon (see from Figure 5(a) to Figure 5(d)).  At windward walls (WDIR� 180 in Figure 5) 
CH(i)/CH(roof) of sunlit walls are smaller than those of shadow walls.  On the other hand, at the side walls (WDIR
�90 in Figure 5) and on the floor, CH(i)/CH(roof) of sunlit walls or areas are larger than those of shadow walls or 
areas.  This can be explained by the buoyant effect and canyon circulation; down draft circulation flow near the 
windward walls are weakened by up draft buoyant flow.  On the other hand, up draft buoyant flow works 
effectively at the side walls, where wind flows along the surface, and the floor. 
 

(a)            Upper part of the vertical walls         (b)           Middle part of the vertical walls 
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(c)             Lower part of the vertical walls        (d)                                Floor 
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Figure 5: Relationship between CH(i)/CH(roof) versus wind direction: (a) Upper part of the vertical walls (L1), (b) 

Middle part of the vertical walls (L2), (c) Lower part of the vertical walls (L3), (d) Floor 
 
4. RESULTS OF MODEL EVALUATION 
 
Simulation results of SUMM are compared with measured values of 1/5 model.  Where, the regressed function of 
kB-1 and CH(i)/CH(roof) database as a function of WDIR and FDIR are implemented into SUMM.  Figure 6 shows 
the validation results of surface layer energy balance ((a) : Net radiation, (b) : Heat storage, (c) : Turbulent fluxes), 
surface temperature (Tc) and room temperature (Tin).  Where Tc is an average surface temperature weighted by 
each surface area (Voogt and Oke, 1997).  Good validation results are obtained for energy balance, surface 
temperature and room temperature, respectively. 

Figure 4: Relationship between kB-1 
versus Re* 
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(c)                                                                          (d) 

-200

-100

0

100

200

300

400

500

0 3 6 9 12 15 18 21 24
Japan standard time (hr)

R
n

-G
 (

W
/�

)

Rn-G (obs)

H+lE (sim)

0

5

10

15

20

25

30

35

0 3 6 9 12 15 18 21 24
Japan standard time (hr)

T
in

, T
c 

(�
)

Tin (obs)

Tc (obs)

Tin (sim)

Tc (sim)

 
 

Figure 6: Validation results of surface layer energy balance ((a) Net radiation flux, (b) Ground heat flux, (c) 
Turbulent transfer flux), surface temperature and room temperature ((d)) 
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DEVELOPMENT OF CONTRIBUTION RATIO OF POLLUTANT SOUR CES TO  
URBAN AIR QUALITY BY MEANS OF CFD 

Hong Huang, Ryozo Ooka, Shinsuke Kato 
Institute of Industrial Science, The University of Tokyo, Tokyo, Japan 

 
Abstract 
 
In order to predict urban air quality, wind tunnel experiments and numerical simulations have been done during 
last few decades. On the other hand, air pollutant sources become more and more complex due to the complexity 
of roads and urban structures. It is very important to understand the contribution of each pollutant source on 
composing the urban air quality in order to attain an effective urban planning and design. In this study, the indices 
for evaluating the contribution of each pollutant source to the urban air quality in urban area are developed as 
CRU (Contribution Ratio of Urban air quality) 1, 1.5 and 2. CRU 1 and 1.5 means the influence capacity of one 
pollutant source due to the pollutant diffusion. CRU 2 means the composition ratio of each pollutant source 
contributing the concentration at a point. CFD (Computational Fluid Dynamics) is used to obtain these indices. 
The indices are applied to three urban models: low-rise building model, medium-rise building model and high-rise 
building model. The mechanism of composing urban air quality is explained by these indices, and the 
effectiveness of these indices is illustrated. Using these indices, the concentration of any point when the 
intensities of the pollutant sources changed can be calculated without CFD analysis; at the same time, if we know 
the concentrations at some points, we can estimate the emission rates of the pollutant sources without CFD 
analysis each time. This can be couple with traffic signal system and optimization system to minimize the pollutant 
concentration. 
 
Key words:  Contribution ratio of urban air quality, CFD, air pollution mechanism, air pollution control 
 
1. INTRODUCTION  
 
Numerical simulation, wind tunnel experiment and field measurement are the main approaches to study the urban 
air quality. On the other hand, air pollutant sources become more and more complex due to the complexity of 
roads and urban structures. Pollutant at a point is the result from the contributions of many sources, which make 
the urban air quality structure difficult to understand and make difficulties to urban planning and design. Therefore, 
it is very important to understand the mechanism of composing the urban air quality from many complex pollutant 
sources for better urban planning, urban design and air pollutant control. Kato et al (1998) proposed CRI 
(Contribution Ratio of Indoor climate) 1, 2, 3 and 4 to asses the contribution of each heat source or sink to air 
temperature distribution in indoor environment. Yoshida et al (2001) presented CRO (Contribution Ratio of 
Outdoor climate) 1, 2, 3 and 3.5 for assessing the contribution of each heat source or sink to outdoor air 
temperature distribution. In this study, the indices for evaluating the contribution of each pollutant source to the 
urban air quality in urban area are proposed as CRU (Contribution Ratio of Urban air quality) 1, 1.5 and 2 based 
on the indices of Kato and Yoshida, and this effectiveness is presented. 
 
2. CONCEPT OF CRU 
 
CRU is the index for assessing the concentration rise (or decrease) in any point due to the diffusion of pollutant 
generated from each pollutant source. The CRU can let us consider the contribution of each pollutant source 
separately. Therefore it is easy to understand the mechanism of composing the urban air quality from each 
source. This is expected to be very useful for better urban planning, urban design and air pollution control. 
CRU 1 means the influence capacity of one pollutant source due to the pollutant diffusion. It is defined as 

0 01( ) ( ) / , /i iCRU X C X C C q Q= ∆ =� @      (1) 

where, �Ci(X) (kg/kg) is the increased (or decreased) concentration when the emission rate is qi (kg/s) from the 
target source i. Q (kg/s) is the inflow rate entering into the object area. C0 is the uniform diffusion concentration of 
the whole object area. Therefore, CRU1 is the increased (or decreased) concentration normalized by the uniform 
concentration due to the source. It has no relationship with the emission rate of the source. 
CRU 1.5  is defined as 

1.5( ) ( ) /i iCRU X C X q= ∆       (2) 

CRU1.5 is the 1/Q times of CRU1. However, CRU1.5 has a unit of kg/s-1. We can estimate the emission rate from 
target sources using CRU1.5, which will be described later. CRU 2 means the composition ratio of each pollutant 
source contributing the concentration at a point. It is defined as 

2( ) ( ) / ( )i iCRU X C X C X= ∆ ∆∑      (3) 

These indices can be calculated using Computational Fluid Dynamics (CFD) analysis as follow. First, the flow 
field is analyzed. Second, the concentration field where the pollutant, which is assumed to be a Passive Pollutant 
is analyzed for each source, and the flow field analyzed before is fixed here. Then the CRUs are obtained using 
equation (1)-(3). 
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3. CRU ANALYSIS IN AN URBAN 
AREA MODEL 
 
3.1. Outline of CFD analysis  
The analysis object is an urban area 
with 30 building blocks, which is shown 
in Fig. 1. The light gray areas are 
building sites, and the write areas are 
roads. Three building models were used 
here for analysis. They are low-rise 
building (9m height), medium-rise 
building (16m height) and high-rise 
building (36m height). The building sites 
and the building volumes are the same 
for the three models. The building 
models are based on the data of 
Sumida-ku, where is a build-up 
residence area in Tokyo. Fig. 2 shows 
the details of the three building model. 
As a case study, three pollutant sources 
are assumed, which are shown in Fig. 1 
with the number of �, � and �. They 
are the road with 
6m(width)×30m(length). For CFD 

analysis, the inflow wind velocity is set 
at 1/4th power profile. And the wind 
velocity at 74.6m (Height of observation 
station of Automated Meteorological 
Data Acquisition System (AMeDAS) for 
Tokyo) is set to be 3.0m/s. The 
emission rates of the pollutant sources 
are set to be 1.0kg/(m2s), 1.2kg/(m2s) 
and 1.4kg/(m2s) respectively. CFD 
analysis was carried out for the three 
building models and the CRUs were 
calculated. 
 
3.2. Wind and pollutant concentration distribution 
Fig. 3 presents the wind velocity distribution in a horizontal section at a height of 1.5 m of case 1 (Low-rise 
building), 2 (Medium-rise building) and 3 (High-rise building) respectively. Fig. 4 shows the concentration 
distribution in the same section. The wind velocity increases in the street canyon when the height of the building 
increases. The pollutant concentration on the road of wind direction is lower than that on the part behind the 
building due to the better ventilation condition on the road of wind direction. We can see that the pollutant 
concentration decreases when the height of the building increases. It is thought that the increasing wind promote 
the diffusion of the pollutant. 
 
3.3. Results of CRU 
Fig.5 shows the horizontal distribution of CRU1 of the pollutant source � at a height of 1.5m, where is the 
pedestrian level. This presents the pollution influence capacity due to the emission from the source �. The 
influence capacity area is largest in the case of low-rise building. This means that the pollutant is difficult to be 
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removed in this case. Fig. 6 shows CRU1 distribution of the source � at section A-A. For low-rise building case, 
the source can influence the whole street canyon. From the equation (1) and (2), we know that CRU1.5 is several 
times large of CRU1. Therefore, the distribution will be the same as that of CRU1. On the other hand, we can use 
CRU1.5 to estimate the emission rate of any source. The details will be described in Section 4. Fig.7 presents the 
horizontal distribution of CRU2 of the source � at a height of 1.5m. The value of the upper part of the line A-A’ is 
lower than that of the lower part. The emission rate of the source � is higher than that of the source �. The 
source � and the source � is symmetry. Therefore, it can be concluded that the contribution at a point of a source 
is higher if the emission rate of the source is higher. 
 
4. ESTIMATATION OF SOURCE EMISSION RATE USING CRU1.5 
 
As has mentioned, if we calculate the CRU1 or CRU1.5 of some pollutant sources in advance, then we can 
predict the concentration distribution when the emission rates of the pollutant sources changed without CFD 
analysis every time. On the other hand, it is more expected to easily estimate the emission rate of pollutant 
source, such as traffic road, using measured concentration data. If we can predict the emission rate quickly, thus 
it can be coupled with traffic signal control system and optimization system to enable a lowest pollutant 
distribution through controlling the traffic signal. In this section, the estimation method using CRU1.5 and the 
measurement data, also a case study are presented. 
 
4.1. Estimation method  
The diffusion equation of pollutant in steady state is  

 ∂ ∂ ∂= +  ∂ ∂ ∂ 

j t

j j c j

Cu ν C
q

x x σ x
  (4) 

where, 
ju  is the velocity (m/s), tν is the turbulent kinetic viscosity (m2/s), 

cσ
is the turbulent Schmit number, q is 

the pollutant generation rate in unit mass and unit volume (kg/(kg/s)). It is can be treat as linear differential 
equation for concentration. It means that, if the velocity increases α times, then the concentration will become 1/α 
times. It is the same that when the generation rate q and the boundary pollutant flux increases α times, then the 
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concentration will become α times. From the defination 
of CRU1 and CRU1.5 (equation (1),(2)), we can 
conclude that the values of CRU1 and CRU1.5 are 
constant when the meterological condition is the same. 
Therefore, if we calculate the CRU1 or CRU1.5 of 
some pollutant sources in advance, then we can predict 
the concentration distribution when the emission rates 
of the pollutant sources changed without CFD analysis 
every time. On the other hand, we can use CRU1.5 to 
estimate the intensity of the pollutant sources. We 
assume that the number of pollutant sources is m. Thus, 
the concentration (Csum) at any point is the summation 
of the contribution of all sources. That is, 

=∑
1

∆

m

sum iC C    (5) 

Using the equation (2), the equation (5) becomes 

=∑ g
1

( 1.5 )
m

sum i iC CRU q    (6) 

It is clear that if we know the concentration of m points 
in the field, then the emission rate qi of every pollutant 
source can be calculated by solving a matrix having m 
equations. The concentrations of m points can be 
obtained through field measurements and sensors 
equipped in the urban area. 
 
4.2. Case study and results 
As a case study, a field measurement was used here. 
The NO concentration was measured on February 
1st~3rd, 2005 in an urban area of Kawasaki City, Japan. 
The area and a measurement data are shown in Fig.8. 
There is a mean traffic road. Pollutant emission rates 
from the traffic road were predicted by assessing the 
traffic load via a video recorder. The estimation method 
of the emission rate of pollutant source was carried out. 
The estimation results are presented in Table 1. The 
pollution source is only one, so the necessary 
measurement data is one. However, the average of six 
points was used for better estimation precision. A good agreement is shown between qobservation and qestimation. This 
implies that using CRU1.5 is quick and easy way to estimate the emission rates of pollutant source.  
 
 
5. CONCLUSIONS 
 
In this study, the indices for evaluating the contribution of each pollutant source to the urban air quality in urban 
area have been proposed as CRU (Contribution Ratio of Urban air quality) 1, 1.5 and 2. CRU 1 and 1.5 means 
the influence capacity of one pollutant source due to the pollutant diffusion. CRU 2 means the composition ratio of 
each pollutant source contributing the concentration at a point. The CRUs can give us a good understanding for 
the contribution of each pollutant source on composing the urban air quality in order to attain an effective urban 
planning and design. CFD is used to obtain these indices. The indices are applied to three urban models: low-rise 
building model, medium-rise building model and high-rise building model. The contribution is the largest in the 
case of low-rise building for same pollutant source. Using CRU1 or CRU1.5, the concentration of any point when 
the emission rates of the pollutant sources changed can be calculated without CFD analysis every time. It was 
also shown by a case study that it is an easy and quick method to estimate the emission rate of any source using 
CRU1.5. It can be coupled with traffic signal control system and optimization system to enable a lowest pollutant 
distribution through controlling the traffic signal. 
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Table 1 Estimation results 

Point CRU1.5 
Cmeasurement 

(ppm) 
qestimation 
(g/(mh)) 

1 7.75e-2 0.234 3.02 
2 1.29e-1 0.234 1.82 
3 4.26e-2 0.094 2.21 
4 2.19e-2 0.104 4.76 
5 1.24e-2 0.014 1.13 
6 1.28e-2 0.064 4.98 

Average 2.98 
qobservation (g/(mh)) 2.57 

1 For easy calcuation, the units of ppm and g/(mh) were used for 
concentration and emission rate respectively 

2 In order to evaluate the traffic road contribution only, the 
background concentration (point 0) is substrated for each points 
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Abstract 
 
In this paper, a study for evaluating the effects of ambient wind direction on flow characteristics and air quality 
inside a domain located within an urban street canyon is presented. Wind tunnel experiments were carried out at 
first in order to estimate the flow field parameters which were needed to perform the CFD simulation. A numerical 
solution for the flow governing equations was performed using CFD code STAR-CD. Steady state analysis was 
adopted and the standard k-ε turbulent model was selected for solution. Computational and experimental results 
of the wind environment were in good agreement as the average difference between the simulated and the 
measured wind speeds was less than 11 %. The CFD simulations were extended to estimate the pollutant 
purging capability of the domain local wind through an evaluation for the purging flow rate (PFR). Results of the 
study shows that the wind direction has a significant influence on both the wind flow characteristics and the air 
quality inside the study domain reflected by the increased domain average wind speed by about 2.5 times and the 
purging flow rate by more than 60 % as the applied wind angle changed from 0o to 90o. 
 
Key words: purging flow rate, wind direction, wind tunnel, urban street canyon 
 
1. INTRODUCTION  
 
As the problem of air pollution inside urban areas became of major concern due to the increased levels of 
pollutants inside and around urban cities, estimation and analysis of pollutants concentrations are considered very 
important regarding the air quality inside urban domains. In the same time, it is considered that the estimation of 
concentrations only is not sufficient to reflect a complete image about the air quality inside such domains. Beside 
concentrations, still there is a need to estimate the pollutant behavior inside the domain such as the pollutant 
staying time and the number of returns of the pollutant to the domain. These needs derive us to establish a new 
concept that can satisfy the above requirements. On the other hand, there is a concept of the ventilation efficiency 
(VE) of indoor environments, which indicates diffusion properties for ventilation inside indoor climates. Recently, it 
was thought that the VE indices of indoor environments are also effective in evaluating the air quality of domains 
located inside urban areas (Huang et al. 2005). There are many indices which describe the VE of a domain such 
as Purging Flow Rate (the effective air flow rate to purge air pollutants from a domain, PFR), Visitation Frequency 
(the number of times a pollutant enters a domain and passes through it), Staying Time (the time a pollutant takes 
from once coming, or being generated, into the domain until its leaving) and the Six Indices SVE1-6 (Kato et al. 
2003). In the present study, PFR will be considered only. 
The pattern of wind flow in urban areas is strongly affecting the dispersion of air pollutants around buildings. 
There are many factors which influence the air flow, such as the geometry and arrangements of buildings, wind 
directions, and the upstream terrain conditions (Zhang et al. 2005). The ambient wind direction is one of the 
important parameters to be considered by planners and designers for wind environmental improvements. This 
paper discusses the effect of ambient wind directions on the flow characteristics and on the air quality (reflected 
by the PFR) inside a domain located within an urban street canyon. The first stage of this work was done 
experimentally in order to estimate the parameters of the flow field and also to check the consistency of the 
experimental results. Of course, 2-D study is the basic, but 3-D analysis was considered here since the goal of 
this paper is evaluate the effects of ambient wind directions. The experiments were carried out for five wind 
directions which were: 0o, 30o, 45o, 60o and 90o. In the second stage, the measured parameters were used in the 
CFD simulations to solve the flow field numerically. As the CFD simulation results showed a reasonable 
agreement with the experimental results, the calculated flow field was utilized to estimate PFR. 
 
2. PURGING FLOW RATE   
 
Purging flow rate is the most important index for defining the ventilation efficiency of a local domain. It can be 
considered as the local ventilation efficiency. For a certain domain, PFR is defined as the effective airflow rate to 
purge the pollutants from that domain (Kato et al. 2003). In other words, purging flow rate represents the net rate 
by which pollutants are flushed out of the domain. That definition shows that the purging flow rate is simply a local 
property because it depends on the considered volume under study among the other volumes in the whole 
domain of the flow. It is, therefore, called the local purging flow rate. In the same time, the term “local domain” is 
introduced to represent a partial zone in the whole urban space. The following equation is used to calculate PFR 
(Kato et al. 2003): 
                                                                          pp CqPFR /=                                                (1) 
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where qp denotes the pollutant generation rate (kg/s) and Cp denotes the average pollutant concentration inside 
the study domain (kg/m3). 
3. WIND TUNNEL EXPERIMENS 
 
The experiments were carried out under neutral atmospheric conditions in the boundary layer wind tunnel at the 
Institute of Industrial Science, Tokyo University, Japan. It has a working section of 2.2 m width, 1.8 m height and 
an upwind length of 13 m. A schematic diagram for the wind tunnel is illustrated in Fig. 1.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Atmospheric boundary layer was simulated using a combination of spires and roughness elements on the wind 
tunnel floor. The spires as well as the size and arrangement of the roughness elements fixed on the floor, 
controlled the properties of the induced boundary layer. The characteristics of the modeled boundary layer profile 
are shown in Fig. 2. The best fit for the experimental data was estimated as:  

       ( ) 310 920 .
. oo zzuu =                                                                  (2) 

where uo is the reference wind speed of 1.0 m/s, and zo is the reference height of 74.6 cm. 
To simulate the street canyon, a model consists of two wooden blocks of 
dimensions 15 x 30 x 15 cm was used with an aspect ratio of 1.0 (i.e. H/D 
= 1.0). The buildings model was mounted on a turn table inside the wind 
tunnel to allow the investigation of the effects of different wind directions. 
A built-in 3-D auto-traverse system was used to locate the sampling probe 
precisely. Five wind velocity sampling points were positioned along the 
central section of the canyon as illustrated in Fig. 3. Flow measurements 
were made using a 2-D fiberglass constant temperature anemometer 
(CTA) with a sampling frequency of 0.25 kHz and 32768 sampling points.  
 
 
 
 
 
 
 
 
 
 
 

4. NUMERICAL SIMULATION 
 
A wind environment contains two buildings of the above mentioned dimensions was simulated and a numerical 
solution for the flow field was performed using CFD code STAR-CD. Steady state analysis was adopted and the 
MARS scheme was applied to the spatial difference. Also, the widely and practically useful approach, the 
standard k-ε turbulent model, was selected for solution. Values of the measured flow field parameters (inlet wind 
speed profile and turbulent intensity) were used in the simulation. As soon as the simulation results showed a 
reasonable agreement with the experimental results, the CFD simulation were extended to estimate the effect of 
inlet wind direction on the air quality inside the study domain. A Pollutant was generated uniformly inside the 
domain with a rate of 0.001 kg/m3.s through a certain user subroutine, and the pollutant concentrations were 
calculated through the solution of the convective-diffusion equation: 
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where C is the pollutant concentration, K is the diffusivity coefficient and S is the pollutant source term. 
In this study, the PFR was evaluated using the concept of dynamic passive pollutants, which means that the flow 
field is not influenced by the pollutants. This makes it possible to calculate the flow field at first, and then the 
calculated flow field is used to estimate the purging flow rate.  
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5. RESULTS AND DISCUSSION 
 
5.1 Comparison between CFD Results and Experimental Results 
A comparison between simulated and measured 
wind speeds at the five sampling locations inside 
the street canyon for different wind directions is 
presented in Fig. 4. The figure reflects a good 
agreements as the results of the two approaches 
show nearly the same trend. Also, the average 
difference between the results of the two 
approaches is acceptable as it lies under 11 %.  
As shown in the figure, low speed values inside 
the canyon were observed in the case of 0o wind 
direction, which can be attributed to the 
circulatory vortex that was established inside the 
street canyon due to the transfer of momentum 
across the shear layer at the roof height. In that 
case, the bulk of the flow doesn’t enter inside the 
canyon. Also, the maximum wind speed values 
were observed in the case of θ = 90o, whereas 
the main wind passes inside the street canyon 
without a remarkable resistance. 
 
5.2 Influence of Ambient Wind Direction on Flow Characteristics 
According to the applied wind direction, simulated flows can be classified into three patterns regarding the 
characteristics of the flow circulation generated behind the upwind building (Kim et al. 2004). Fig.5 presents the 
wind vector field for the five inlet wind directions. The first flow pattern appears when the inlet wind angle is 0o. In 
such case, the horizontal distribution of the wind vector shows symmetric separation located at each lateral side 
of the upwind building. The figure shows that, there is apparently no motion in the y-direction which reflects a bad 
removal efficiency of the domain local wind against the pollutant.  
 
 
 
 
 
 
 
 
 
 
The second pattern appears when the flowing wind angle is located in the range 0o < θ < 90o. This pattern 
appears in the cases of θ = 30o, 45o, 60o in the above figure. In that pattern, only one vortex occurs at the right 
edge of the upwind building as the incoming wind enters from that side. As the angle θ increases, the vortex size 
decreases and the flow towards the domain exit in the y-direction increases. That pattern shows an improvement 
in the domain wind removal efficiency compared with the case of normal wind. The third pattern appears when the 
wind flows with an angle of 90o. The vortex in that case diminishes and the wind flows smoothly towards the 
domain exit, which indicates that the removal efficiency of the domain local wind in that that pattern is the best 
over the above two patterns. 
 
5.3 Influence of Ambient Wind Direction on PFR 
Results of the numerical approach for the pollutant concentration inside the street canyon are displayed in Fig. 6. 
The figure shows the concentration fields at z = 0.05 m for the five wind directions. In the case of normal wind, the 
concentration field shows symmetry around the central section of the street. It is observed that, high concentration 
regions appear inside the street canyon, while very low concentration regions appear outside it. That note means 
that the domain local wind has no ability to carry the pollutants outside the canyon. 
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For θ = 30o, 45o, and 60o, the concentration field increased to cover a wide area outside the study domain due to 
pollutant diffusion towards the outside in the same wind direction. As the maximum concentration area decreases 
with increasing θ, the canyon averaged concentrations are expected to be lower than the concentration of the 
case of normal wind as clean air continuously comes into the canyon from outside and dilutes the domain polluted 
air. Also, it is observed that, very low concentrations exist in the lower part of the figure where clean air arrives. In 
the case of θ = 90o, a large percentage of the maximum concentration area is shifted outside the canyon, which 
indicates that the domain average concentration in this case has the lowest value among all of the cases. 
The three figures below presents the effects of the applied wind direction on the domain average wind speed, 
domain pollutant concentrations and on the PFR, inside the study domain. All quantities were normalized by the 
similar quantities evaluated at the case of normal wind. Figure 7 displays the variation of the domain average 
concentration with the inlet wind angle. The concentration decrease significantly to about 80 % of its value as the 
flowing wind angle changes from 0o to 90o. That behavior can be attributed to the increased domain average wind 
speed as illustrated in Fig. 8. That figure indicates that the domain average speed increases as the wind angle 
increases it reaches to about 2.5 times as the flow becomes parallel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The effect of ambient wind direction on the purging flow 
rate of the study domain is given in Fig. 9. As the average 
concentration inside the study domain decrease with 
increasing the applied wind angle, while the domain 
volume is kept constant, the PFR is expected to increase. 
The figure shows that the PFR increases by more than 
60 % as the wind flow changes from 0o to 90o. 
 
6. CONCLUSION 
 
In this paper, a study for evaluating the effects of ambient 
wind direction on flow characteristics and air quality inside 
a domain located within an urban street canyon was 
presented. Wind tunnel experiments were carried out at 
first in order to estimate the flow field parameters which 
were needed to perform the CFD simulation. A numerical solution for the flow governing equations was performed 
using CFD code STAR-CD. Steady state analysis was adopted and the standard k-ε turbulent model was 
selected for solution. Computational and experimental results of the wind environment were in good agreement as 
the average difference between the simulated and the measured wind speeds was less than 11 %. The calculated 
flow field was used to estimate the pollutant purging capability of the domain local wind through an evaluation for 
the purging flow rate (PFR). Results of the study shows that the wind direction has a significant influence on both 
the wind flow characteristics and the air quality inside the study domain reflected by the increased domain 
average wind speed by about 2.5 times and the purging flow rate by more than 60 % as the applied wind angle 
changed from 0o to 90o. 
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Abstract 
A multi-scale CFD model was applied to investigate roadside diffusion due to automobiles. The model consists of 
a mesoscale meteorological model and a k-ε type CFD model. The calculation was executed for Ikegami-
Shinmachi cross road in Kawasaki, Japan, which has some of the worst air pollution in Japan. The calculation 
was applied for a day when a high concentration was observed at the roadside air pollution monitoring post. The 
diffusion of NOx and heat is discussed in relationship to the structure of the road, particularly, concerning the 
effect of the “Green wall” installed under the suspended expressway. 
 
Key words:  roadside air pollution, multi-scale model, NOx 
 
1. INTRODUCTION  
 
The NOx concentration along roadsides with complicated structures, for example, those with a suspended road, 
underpass, or a multi-layer crossing, remains at a high level in Japan. Since the airflow around such structures is 
complicated, CFD models are useful for assessing the air pollution around them. Recently, Kondo et al. (2006) 
developed a multi-scale CFD model to calculate the concentration of NOx around the cross roads in Kawasaki 
City, Japan. The boundary conditions of the microscale CFD model were given with the results of a mesoscale 
meteorological model for a grid in which the calculating domain of the microscale CFD model was included. Here, 
the concentration of NOx, the temperature, and the airflow relative to road structure are investigated with the 
model. 
 
2. MODEL DESCRIPTION 
 
The multi-scale model consists of a hydrostatic mesoscale meteorological model (AIST-MM, Kondo, 1995) and a 
CFD model (α-FLOW) with the standard k-ε turbulence model (Akiyama, 1990). The mesoscale model has 
approximately a 500km square domain and is nested from a 10km grid to a 2km grid with 180km square domain 
(one-way). The results on the grid, including the calculation domain of the microscale CFD model in Kawasaki 
City, are used as the boundary conditions for the CFD model (Kondo et al., 2006; Fig.1). The CFD model is three-
times two-way nested. The domain of each CFD model and method to obtain a solution are shown in Table 1.  
 
3. THE EFFECTS OF A “GREEN WALL” 
 
The target area of the calculation is the Ikegami-Shinmachi cross road, where a metropolitan expressway, which 
is a suspended 4-lane road, and a 6-lane ground-level road intersect with another 4-lane road. There are a few 
“green walls” under the suspended road, which were installed to reduce noise in the vicinity of the intersections. 
However, the walls completely divide the inbound and outbound lanes on the ground-level road and block the 
airflow across the road. There are a couple of break zones between the walls, which allow the air to flow through 
the zone. These breaks may affect the diffusion of NOx in the vicinity of the roads.  
The calculation was conducted on Dec. 8, 2003. The GPV-MSM data of the Japan Meteorological Agency was 
used to drive the multi-scale model. The results in the CFD model were calculated under a steady-state condition 
at each hour. Two cases were considered, one, with the green walls (RUN 1), and the other, without the green 
walls. A comparison of the calculated NOx concentration with the observed concentration is shown in Fig. 2. 
When the green walls were removed, the concentration at the monitoring post was mostly reduced. The 
monitoring post is located near the break zone of the green walls. The wind blows from the other side of the road 
toward the monitoring post through the nearby break zone, which may cause a high concentration of NOx near 
the monitoring post in the morning. On the other hand, no remarkably high concentration was found around the 
monitoring post in the case without the green wall. The temperature increase due to vehicle exhaust is usually 1-
2oC on the pavement on the ground-level road. The contribution from the emission on the suspended road was 
relatively low. 
 
4. SUMMARY 
 
The diffusion of NOx and heat baround a complicated road structure was investigated with a multi-scale CFD 
model. The model was applied near the Ikegami-Shinmachi cross road in Kawasaki City, Japan. We investigated 
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the effect of green walls, which had been installed under the suspended road, on the diffusion in the vicinity of the 
cross road. The wall blocked the wind across the roads, and the concentration of NOx was affected by the flow 
blowing through a break zone between the walls. The emission of the automobiles from the suspended road did 
not have a significant effect on the concentration nearby due to the relatively high wind speed at the location.  
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MM grid A 
(10km grid) 

Ikegami-Shinmach, 
KAWASAKI 

TOKYO 
KAWASAKI 
YOKOHAMA 

180km 

Domain I Domain III 

MM grid B 
(2km grid) 

      Items                                     Methods etc. 

Turbulence model                     Standard k-ε Model 
Domain and grids                      Domain I: 26×26×21 

(500m×500m×300m) 
Domain II: 51×41×31 

(340m×180m×100m) 
Domain III: 41×31×61 

(108.8m×45m×30m) 
 

Scheme of advection terms       Momentum: QUICK 
k-ε              : DONOR-CELL 
Chemical transport: PPM 

 
Time integration                       Momentum and�k-ε: SIMPLE 

Chemical transport: EULER 
 

Boundary conditions         
                                         on the material surface   log-law 

 
Stability                                     Available 

(Neutral in the present calculation) 
 

Time step                                 SIMPLE: 1 sec. 
                                                 Euler: Automatic to satisfy CFL 

condition. (less than 1 sec.) 
 
Convergence criteria                 SIMPLE: 10-3 (relative) 
Poisson solver (ICCG): 10-8 (relative) 

Fig.1 Scale and relation between the mesoscale model 
and the CFD model. 

Table 1 Outline of the CFD model 
α

Fig.2 Comparison of NOx concentration among the observarion, no green wall 
case and RUN 1.  
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Abstract 
 
The Centro Meteorologico di Teolo (CMT) of the Regional Agency for Protection and Prevention of the 
Environment of the region Veneto (ARPAV) has recently installed a network of  four passive radiometers for air 
quality monitoring purposes. In this paper comparisons of profiler data acquired in the year April 2005 until March 
2006 with the neighbouring radio soundings of Bologna San Pietro Capofiume are presented, as well as with a 
pseudo profile constructed in the surroundings of a particular profiler. In particular, the potential of the profiler 
network to detect and characterize thermal inversions is discussed. 
 
Key words: Boundary layer, profiler, radiometer 
 
 
1. INTRODUCTION  
 
The Centro Meteorologico di Teolo (CMT) of the Regional Agency for Protection and Prevention of the 
Environment of the region Veneto (ARPAV) has recently installed a network of  four passive radiometers for air 
quality monitoring purposes. Three of these instruments allow to profile temperature up to 1000m above ground,  
while one is more powerful in that it ranges up to 10km and measures also humidity variables. However, data of 
this latter have not yet been included in this analysis. The instruments are all located in Veneto, two in the city 
centres of Padua and Rovigo, respectively, one in the remote rural site of Legnago, and one in the Alpine Valley 
of Belluno (Fig. 1). The network, in the framework of the project DOCUP (documento unico di programmazione) 
co-funded by the European Union, Italy, and the region of Veneto, is the first of its kind in Italy. 
 
 

 
Fig. 1: Map of Northern Italy with the location of the 
radio sounding stations (squares), the MTP5-Hes 
(thick crosses), and the automatic surface stations 
used for the pseudo profile (thin crosses).  

Fig. 2: Comparison of the MTP5-HE radiometer in 
Padova with a pseudo profile constructed in the rural 
surroundings of Padova. Average temperature profiles 
for the radiometer are shown for 00UTC (thick ‘x’) and 
12UTC (x), and for the pseudo profile for 00UTC 
(squares) and 12UTC (o). 

 
 
The radiometers on which we focus here are MTP5-HE instruments, manufactured by Attex in Russia and 
distributed by Kipp & Zonen. The MTP5-HE is a well proven and robust instrument. As a matter of fact, the 
instruments nominally measure temperature with an accuracy of 0.3K from 0 to 500m and 0.4K from 500-1000m, 
0.8/1.2K in cases of inversions. First installations and validation studies date back to 1996 and comprise 
comparisons with lidars, radio soundings, RASS, pseudo profiles and foreacast models (see enclosed 
references). For example, Kadygrov et al. (2005) report a good agreement within 0.5-0.8K with a collocated 
radiosounding found in Payerne, Switzerland on 63 profiles. In another recent study of markasub ag (2004) good 
quality was ascribed to the MTP5-HE in comparison with a pseudo profile for a test period of four days. 
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In this paper we present a first analysis of our MTP5-HE network on a data set of a full year. Section 2 briefly 
describes the data set and the chosen approach, while section 3 reports the results. A summary and outlook is 
given in the final section. 
 
2.Data set and approach 
 
The data set used in this study spans the year from 1 April 2005 until 31 March 2006, for which the availability of 
the MTP5-HE was 97%, 75%, and 78% for the sites of Padova, Rovigo, and Santa Giustina, respectively, for 00 
and 12UTC. For the comparison exercise the radio sounding stations of Milano Linate and Bologna San Pietro 
Capofiume were used, as was a pseudo profile constructed with a total of six surface stations, four in the 
surroundings of Padua, two on the nearby Alpine chain (see Fig. 1). 
 
As none of the radiometers are collocated with a radio sounding, we have chosen a set of time steps for which the 
soundings of Milano and Bologna are close in the lowermost kilometer, i.e. the temperature difference is smaller 
than 2K. These are taken as conditions of homogeneity for which we can assume that the radiometers of Padua 
and Rovigo should be reasonably close to the radio soundings. All data have been interpolated on a vertical grid 
with levels 0, 50, 100, 150, 250, 700, 1000m, i.e. close to the levels on which radio sounding data is measured. 
 
 
3. Results 
 
3.1. MTP5-HE versus radio soundings 
 
Fig 3 shows the comparison between the MTP5-HE RO and the Bologna radio sounding for the 170 time steps 
(53 for 00UTC, 117 for 12UTC) for which the radio soundings of Milano and Bologna show good agreement. As a 
matter of fact, the agreement of the two measurements at 00UTC is excellent, while for 12UTC there is an overall 
warm bias of the radiometer of about 1K throughout the profile. The linear regression yields y = -0.08 + 0.9998x 
with a correlation of 0.99. The agreement between the MTP5-HE PD with the same radio sounding exhibits a 
warm bias, both for 00 and 12UTC and a linear regression y = -16.5 + 1.056x with a correlation of 0.98. 
 

  
Fig. 3: Comparison of the MTP5-HE radiometer in 
Rovigo with the Bologna radio sounding for 
homogeneous conditions (see text). Average 
temperature profiles for the radiometer are shown for 
00UTC (∆) and 12UTC (∇), and for the radio sounding 
for 00UTC (squares) and 12UTC (o). 

Fig. 4: As in Fig. 3 but for the radiometer in Padova. 

 
 
3.2. Inventory of Po Valley inversions 
 
Thermal inversions, especially during winter, are conducive to pronounced pollution spells in the Po Valley, as the 
keep the pollutants from being dispersed and close to the ground. Figures 5 and 6 show an inventory of 
inversions as seen by the radio soundings of Milano and Bologna, and the radiometers. There is a general 
agreement of having most inversions with relatively small temperature differences, i.e. below 1-1.5K, while most 
inversions have an inversion height of 200m. The urban radiometer of Padova exhibits more weak inversions, 
while the pseudo profile has a large number of inversions with strengths above 2K. However, the pseudo profile 
features always (except once) an inversion at 00 and 12UTC, an issue that deserves further analysis. There is an 
impressive number of very strong inversions (dT > 4K) as seen by the Bologna radio sounding, a station located 
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in a agricultural area. This number is only partially confirmed by the close-by Rovigo radiometer. The isolated 
peak in the histogram of the inversion heights stems from the vertical grid which has be adapted to the heights on 
which radio sounding observations are available. 
 
Figs. 7 and 8 show the yearly distribution of the number of inversions and average inversion parameters for the 
radio sounding of Milano and the MTP5-HE radiometer of Padova. These sites report what agrees well with 
common experience in the Po Valley, i.e. that number and strength of the inversions peaks during the cold 
season, while a minimum is reached during summer. However, other sites, e.g. radio sounding of Bologna, does 
feature very strong inversions in the months of May and June (not shown).  
 

  
Fig. 5: Histogram of the temperature difference (K) of 
the Po Valley inversions for the period 1 April 2005 - 31 
March 2006 as seen by the three available radio 
soundings (UD 16044, BO 16144, and MI 16080), the 
three MTP5-HE radiometers and the Padova pseudo 
profile (lowermost ‘PD’). Sample sizes are denoted in 
brackets. 

Fig. 6: As in Fig. 5 but for inversion height (m). 

  
Fig. 7: Monthly distribution of the inversion parameters 
temperature difference dT (o, continuous line), inversion 
height Z (x, dashed line), and thickness of the inversion 
layer dZ (diamonds, dotted line) for the period 1 April 
2005 - 31 March 2006 as seen by the radio sounding 
station Milano (MI 16080). Number on the lower x-axis 
denote the months of the year, the numbers on the 
upper x-axis the occurrences in the respective month.  

Fig. 8: As in Fig. 7 but for the MTP5-HE in Padova. 

 
 
3.3. Urban temperature signature 
Padova is a small to medium-size city for Po Valley standards with more than 200’000 inhabitants. The MTP5-HE 
radiometer is actually installed in the centre of Padua on the top of a building and should therefore ‘see’ the city 
climate in terms of temperature, which is expected to be quite distinct from the rural climate. Fig. 2 shows the 
comparison between the Padua radiometer and a pseudo profile constructed in the rural surroundings of the city 
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for the four lowermost levels, while the two uppermost stations are located on the southern fringe of the pre-alpine 
chain, located some 50km north of Padua. At 00UTC the city profile exhibits a clear warm bias at all levels, 
largest at the ground and monotonically decreasing with height. At 12UTC, however, there is still a warm bias in 
the lower half of the profile, while in the upper half there is a distinct cold bias now. This is consistent with a 
warmer city center relative to the rural surroundings and a possible surface effect of the higher stations as 
opposed to the free boundary layer probed by the radiometer.  
 
 
4. Summary and outlook 
 
In this study a first analysis of the recently installed MTP5-HE radiometer network in the north Italian region 
Veneto has been presented. Overall, the radiometer bears a good potential to continuously monitor the thermal 
properties of the boundary layer, whereas only the 00 and 12 UTC measurements have been used so far. The 
main findings are summarized in the following: 
 
• the MTP5-HE radiometers work very efficiently and reached levels of data availability of 97%, 75%, and 

78% for the sites of Padova (PD), Rovigo (RO), and Belluno Santa Giustina (BL); 
• there is a very good agreements between the MTP5-HE in Rovigo with the radio sounding in Bologna for the 

night-time in homogeneous conditions, i.e. when the Milano and Bologna radio sounding profiles are close; 
• the MTP5-HE in Padova exhibits a distinct warm bias w.r.t. to the Bologna radio sounding for the same 

conditions; 
• a first inventory of thermal inversions has been made; distribution of inversion height and strength seems to 

feature a significant spatial variability, e.g. Padova city vs. Bologna radio sounding (rural); 
• comparison of the MTP5-HE in Padova with a pseudo profile constructed in the rural surroundings is 

consistent with an urban temperature signature, with a clear warm bias at night-time and a warm bias in the 
lower half of the profile during day-time; the cold bias aloft is thought to reflect the near-surface air which is 
warmer than the free boundary layer. 

 
As opposed to the radio soundings which are available only twice or four times per day, the radiometers 
continuously monitor the thermal properties of the boundary layer. This temporal frequency has not been 
exploited in this study, but is planned for the near future. For example, build up and break-down of thermal 
inversions can be studied in some detail and put in relation with particulate matter concentrations. 
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Abstract 

 

Large eddy simulation (LES) method is employed to study the turbulent structure and flow field characteristics of 

urban convective boundary layer (CBL).  The drag coefficient is given the expression which is related to the 

building heights and standard deviation of building heights, in order to consider the area-averaged influence of 

sub-grid scale buildings on wind speed and turbulent kinetic energy (TKE).  The model very well simulated the 

impacts of urban buildings on the flow field structures and turbulent characteristics in urban street canyon and CBL. 

In general, the effects of the urban buildings greatly increase the heat flux, momentum flux, velocity variances and 

potential temperature variances in the lower CBL�but have little influence on the turbulent fluxes above the surface 

layer. 

 

Key words: Large eddy simulation; Urban convective boundary layer; Turbulent structure 

 

 

1. INTRODUCTION 

Since urban area has its typical underlying surface characteristics, urban boundary layer properties show significant 

differences from flat area.  The factors of urban building, anthropogenic heat etc., put the effects on the wind field, 

temperature field and the distributions of water vapor and substance in the boundary layer, forming the urban 

climate characteristics as ‘urban heat island’, ‘urban dry island’, ‘urban rain island’, and so on. 

Urban underlying surface’s effects on the boundary layer can be concluded as dynamic effects and thermodynamic 

effects.  The latter mainly includes the change of thermodynamic property of urban underlying surface and the 

phenomenon of ‘urban heat island’.  Dynamic effect is the urban building group’s dynamic effect on the airflow, 

forming the canopy dynamical effect in the environment of surrounding buildings.  The boundary layer between the 

roof and ground can be named as ‘urban canopy’ (Oke, 1987).  The damping effect of building in urban canopy can 

make wind speed in the canopy slow down, city ventilation capacity decline greatly.  The building group on the 

urban underlying surface increases the ground friction, making wind speed in the ground layer slow down and wind 

direction change.  Due to the large roughness of urban underlying surface, turbulent exchange becomes stronger.  

The two kinds of effects in CBL are interactive.  For example, ‘urban heat island’ effect can lead to local circulation 

and dynamic effect of urban building can change wind field and turbulent flow in the low level, as well as affect heat 

transportation.  There are two kinds of methods to study the effect of urban building on the boundary layer.  One is 

to resolve directly, which is to explicitly probe the effects of structure and characteristic of street canyon, building or 

building group on micro-scale flow field and temperature field.  However, because this kind of method is subject to 

amounts of calculation, it cannot be applied to a whole city to study CBL characteristics.  The other method is to 

describe dynamic and thermodynamic effect of urban building through parameterization (Belcher et al., 2001).  

Usually the presently-used parameterization method is based on the so-called ‘area average’ method, which is to 
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introduce the urban underlying surface effect as the model-distinguishable average bulk impact into the model.  

The dynamic effects are the effects of drag force induced by urban buildings and rough underlying surface on the 

production and dissipation of meso-scale air flow.  Thermodynamic effects are to heat the atmosphere and affect 

the surface energy balance.  The usually-used method of drag coefficient parameterization is to add the drag force 

term into the atmosphere momentum equation, turbulent kinetic energy equation and turbulent dissipation rate 

equation to take the effects of production and dissipation of turbulence into account.  This method assumes that the 

buildings in sub-grid scale can affect flow field, but do not take up any volume.  Comparing it to the roughness 

method, the drag force method can reflect the canopy effects inside the flow field rather than only take it as the 

boundary condition. 

In this paper the drag force method is used in the Large Eddy Simulation (LES) model to study the dynamic effect of 

urban buildings on the CBL characteristics. 

 

2. THE LARGE EDDY SIMULATION OF CBL 

Referring to the urban building effect parameterization method in meso-scale model (Brown, 2000), we add the 

momentum drag term and TKE production term induced by urban buildings into the momentum equation and 

turbulent kinetic energy equation respectively on the basis of the forest canopy LES method (Shaw et al., 1992), so 

as to study the sub-grid scale building’s effects on the wind speed and TKE in the urban CBL.  The equations are as 

follows: 
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Here 
U

F , 
V

F , eF  are the right sides of the original momentum equations; cdb is urban buildings’ drag coefficient.  

The mean building area density A, which is the function of height, is the ratio of building surface area perpendicular 

to the wind direction to the grid cell area. 

From equation (1) ~ (3), the drag terms in the momentum equation and turbulent energy production term in the 

turbulent kinetic energy equation linearly depend on the drag coefficient Cdb, so the value of the drag coefficient is 

very important.  The research by Brown (2000) shows that the value of the drag coefficient is related to the factors, 

such as direction of upstream, space, height, shape of buildings, and the range of the value is 0.5 ~ 0.7.  Raupach 

(1992) obtained the drag coefficient of 0.4 through wind tunnel experiment of cube array.  Brown et al. (1998) 

adopted the value of 1.0 in his urban boundary layer model.  Miao et al. (2004) adopted the following formula in the 

numerical simulation on urban neutral boundary layer, and the numerical simulation results were in good agreement 

to those of neutral wind tunnel simulation. 

0.4 h
dbC

h

σ= +                                         (4) 

Here hσ  is the standard deviation of the building heights; h  is the average building height. 
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In this paper the above-mentioned method and model are used to study the dynamic effects of urban buildings on 

the CBL.  The sub-grid closure scheme adopted in the model is the anisotropic turbulence energy closure scheme. 

 

3. DESCRIPTION OF NUMERICAL EXPERIMENTS 

In order to study the effects of urban buildings on the convective boundary layer, two simulation experiments are 

carried out in this paper to study the dynamic effects with buildings (LESU1) and without buildings (LESU2).  The 

simulation domain is 12.8km × 12.8km with a horizontal grid size of 400m.  In the two cases, potential temperature 

is taken as 300K under 800m and an inversion intensity of 0.003K/m above 800m; the surface heat flux is 0.1ms-1K; 

one stochastic temperature disturbance field (amplitude of 0.1K) and speed disturbance field (amplitude of 0.5m/s) 

are added into the 4 layers closest to the surface in the model to initialize the turbulent motion. 

 

4. RESULTS AND ANALYSIS 

 

      
Fig.1                                  Fig.2 

Fig.1 Horizontally-averaged potential temperature profiles 

Fig.2 Horizontally-averaged wind profiles 

Figure 1 is horizontally-averaged potential temperature profile at the integration time of t = 0, 6t
*
, 11t

*
.  t

*
 is the 

convective time scale.  The potential temperature profile at the integration time of 11t
*
 represents the typical 

convection boundary layer potential temperature profile.  There is a superadiabatic layer below 100m and the 

potential temperature decrease sharply with the height near the ground.  In the middle level of the CBL, the 

potential temperature is approximately the same.  There is a remarkable potential temperature jump layer within 

the height of 1050-1150m, which is the entrainment layer. 

Figure 2 is horizontally-averaged wind profile.  Because of the damping effect of building, the wind speed in the 

lower level slows down greatly and more significantly at the height of the urban canopy.  The range of the wind 

speed reduction induced by the building damping effect is up to the blending height, and the wind speed has a 

significant change in the entrainment layer. 

 

5. CONCLUSIONS 

The CBL is not only affected by the surface thermodynamic characteristics but also by the surface dynamical 

characteristics, and the effects are mainly as follows: 

Due to the damping effect of the buildings, the wind speed in the lower boundary layer slows down significantly.  

The wind speed attenuates especially significantly within the canopy, and the region of the wind speed attenuation 
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is up to the top of the mixing layer.  In the entrainment layer, wind speed has an evident abrupt change. 

Strong hot bubbles have developed due to the convection motion in the middle level of the boundary layer.  Under 

the same conditions of surface thermodynamics, the dynamical effects of the urban buildings cause the region of 

the updraft hot bubbles to enlarge, and the velocity of the updraft and downdraft flows to decrease, and cause the 

proportion of the updraft flows in the urban CBL larger than over the flat ground. 

In the urban surface layer the sub-grid heat flux and momentum flux are significantly greater than their resolvable 

parts, and above the height of the surface layer, the sub-grid heat flux and momentum flux are less than their 

resolvable parts.  Under the condition that the total heat flux changes are not significant, the dynamical effects of 

the urban buildings cause the sub-grid heat flux and momentum flux in the lower level of the CBL to increase, and 

their resolvable parts to decrease. 

The dynamical effects of the urban buildings have evident influences on the distribution characteristics of the 

turbulent flows in the CBL too, mainly causing the sub-grid scale TKE in the lower level to increase significantly and 

the resolvable TKE to decrease, which makes the sub-grid scale TKE larger than the resolvable part within the 

urban canopy.  While under the condition of the flat ground, the resolvable TKE is far larger than the sub-grid scale 

TKE.  The dynamical effects of the urban buildings cause the horizontal velocity variance to decrease below the 

height of 0.3h and the vertical velocity variance in the middle level of the CBL to increase.  The dynamical effects of 

the urban buildings cause the potential temperature variance in the surface layer to increase significantly.  But 

above the height of the surface layer, the buildings have little effect on the potential temperature variance 

distribution. 

In general, the urban buildings have little effect on the height of the CBL but put a large influence on the wind speed 

in the CBL, causing the heat flux, momentum flux, wind velocity variance and potential temperature variance in the 

lower level of the CBL to increase significantly, but affecting little on the turbulent flows at the height of the surface 

layer. 
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Abstract 
 
We introduce the topography version of the parallelized large-eddy simulation (LES) model PALM and describe its 
new features and methods and its performance on current supercomputers. Validation shows that PALM is in line 
with experimental and other LES results, i.e. superior to the conventional Reynolds-averaged models.  
State-of-the-art parallel computing and parallel, on-the-fly graphics processing make the LES technique quick and 
effective. We demonstrate this with the example of a passive tracer dispersion animation in downtown Tokyo. 
 
Key words: urban canopy, buildings, turbulent flow, large-eddy simulation, parallel computing, visualization of 
large data sets 
 
 
1. INTRODUCTION  
 
The effects of turbulent flow around buildings are usually studied with RANS models based on the Reynolds-
averaged Navier-Stokes equations. Their methodical limits and errors are well known. They do not explicitly 
resolve turbulence and yield only average flow information. Since they cannot produce instantaneous, time-
dependent flow characteristics, one important limit is that peak values can only be estimated more or less 
accurately but not be predicted directly. One well-known error is that they usually overestimate the recirculation 
length in the building wake. 
The large-eddy simulation (LES) technique has been shown by many recent studies (e.g. Breuer, 2002) to yield 
results superior to the RANS standard, albeit at the cost of significant computational demands (CPU time, 
memory and storage). This raises the first practical question: is LES quick and effective enough to give results in 
real-time at acceptable cost? Our answer is yes – with parallel computing (section 2.2). 
We have added topography to our parallelized large-eddy simulation model PALM (Raasch and Schröter, 2001). 
In this paper, we present PALM’s new features and methods (section 2.1) and its performance on current 
supercomputers (section 2.2). For validation, we compare PALM results with experimental (Martinuzzi and 
Tropea, 1993), LES (Rodi et al., 1997) and RANS results following the intercomparison by Breuer (2002) in 
section 3. 
As an application example for dispersion modelling, we present a passive tracer animation that raises the second 
practical question: is it possible to effectively visualize large LES data sets? Our answer is yes – with parallel, on-
the-fly graphics processing (section 4). 
 
2. PALM 
 
PALM is a large-eddy simulation model whose application is the atmospheric boundary layer. PALM is based on 
the non-hydrostatic incompressible Boussinesq equations. In its dry version, the model has five prognostic 
quantities – u, v, w, potential temperature and subgrid-scale turbulent kinetic energy. PALM uses second-order 
advection and 1½th order subgrid-scale turbulence parameterization modified by Deardorff. Monin-Obukhov 
similarity is assumed between all surfaces and the first computational grid level. At the surface, either 
temperature/humidity or their respective fluxes can be prescribed. PALM uses finite differences on a Cartesian 
staggered grid. SOR, FFT or multigrid solvers can be used for the Poisson equation for pressure. The third-order 
Runge-Kutta scheme is used for time integration. The rectangular grid can be vertically stretched. Parallel 
communication is via MPI based on domain decomposition. Alternatively, a “hybrid” parallelization using both 
OpenMP and MPI can be used. 
For further details and features please refer to Raasch and Schröter (2001) and our homepage http://www.muk. 
uni-hannover.de/~raasch/PALM_group.  
 
2.1. Methods and features of the topography version 
 
Following Kanda et al. (2004), PALM uses the mask method by Briscolini and Santangelo (1989) to implement 
solid obstacles in the rectangular grid so that vertical walls can be explicitly resolved. We have, however, modified 
this method to optimize performance on both vector and parallel machines: 3D topography flag data have been 
replaced by 2D topography height data. These data are then used as lower vertical index for all integration loops. 
Another benefit of this optimization is that the additional topography code is only executed at the grid points 
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Hannover, Germany. Email: letzel@muk.uni-hannover.de 
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adjacent to the topography faces where it is actually required, thus minimizing the extra computational load of the 
topography code. 
So far, we use the FFT pressure solver that requires the use of cyclic lateral boundary conditions. We are 
planning an urban version of the multigrid solver that would remove this constraint. 
 
2.2. Performance on current supercomputers 
 
The topography version of PALM so far reached a performance of up to 2.7 GFlops per CPU on the vector 
supercomputer NEC-SX6 at the German Climate Computing Centre (DKRZ) in Hamburg, Germany. A one-hour 
high-resolution (2m) study of Shinjuku, downtown Tokyo that covered an urban area of 1km2 x 500m took only 5.6 
hours real-time on 8 CPUs. Also the parallel supercomputer IBM Regatta p690 series of the North German 
Supercomputing Center (HLRN) required only 30 minutes real-time for a three-hour standard-resolution (5m) 
passive tracer dispersion study of Shinjuku (cf. section 4; 1km2 x 500m, 30 CPUs). 
These examples illustrate that thanks to its efficient parallelization PALM is quick and effective and gives results 
in real-time at acceptable cost. With the advance of small parallel Linux clusters the LES technique is becoming 
affordable also for small businesses e.g. for environmental assessments. 
 
3. VALIDATION OF THE TOPOGRAPHY VERSION 
 
For a validation of the topography version we compared PALM with experimental (Martinuzzi and Tropea, 1993), 
LES (Rodi et al., 1997) and RANS results following the intercomparison by Breuer (2002), namely case B2 of the 
1995 "Workshop on Large Eddy Simulation of Flows past Bluff Bodies" held in Rottach-Egern, Germany, neutral 
flow around a cube mounted on a wall of a channel at high Reynolds number (Re ~ 40000). Table 1 shows that 
PALM’s results agree well with other LES models and the reference experiment and that LES models were 
generally superior to RANS models. The two high-resolution runs R40 and R80 gave the best results (Rnn 
indicates the number of grid points used to resolve the cube). 
 

  
 
 
 
 
 
 
 
 

Table 1: Characteristic length scales and model resolution. XF1 upstream 
separation length, XR1 reattachment length (cf. Fig. 1), ∆min minimal 
distance between wall and first grid point, H cube height (Breuer, 2002).        Fig. 1: Illustrations of length scales (Breuer, 2002). 
 
The convergence in characteristic length scales of PALM simulations R40 and R80 means that the resolution is 
so high that the influence of the wall treatment already becomes negligible. 
Figure 2 shows streamlines of time-averaged flow projected onto the centreline of the cube flow. The heads of the 
horseshoe, roof and arch vortices are well reproduced by PALM R40 (Fig. 2d) as is the small corner vortex at x = 
1 that appears only in the LES simulations (Fig. 2 b-d). RANS models have difficulties in reproducing the roof 
vortex, and their recirculation area is too long. 
 
 
4. PASSIVE TRACER DISPERSION MODELLING 
 
One important application of urban LES is dispersion modelling. PALM contains a Lagrangian particle model that 
can be used both to simulate pollutant dispersion and simply to visualize the turbulent flow.  
For the visualization of unsteady turbulent flows using passive particle dispersion PALM makes use of the DSVR 
(Doc-Show Virtual Reality) software developed at the Computer Center of the University of Hannover, Germany 
(Olbrich et al., 2001). DSVR allows parallel on-the-fly 3D visualization. The graphic data can be accessed during 
and after the simulation in streaming mode (requires fast network connection to server) or in sequence mode from 
local hard disk. Stereo presentation is possible. The scene is navigatable and customizable during the 
presentation (interactive steering). DSVR solves the data handling bottleneck when visualizing large data sets. 
Using urban GIS data for Shinjuku, a part of downtown Tokyo known for its high-rise office towers, we performed 
a feasibility study to demonstrate that it is possible to effectively visualize large LES data sets with DSVR. Figure 
3 shows a snapshot of a simulation where particles with limited lifetime were released at regular intervals from 
four vertical line sources. The model covers an area of 1km2 with a resolution of 5m. The flow is driven with 1ms-1 
westerly wind; the Coriolis force is switched off for simplicity. 
 

Scale XF1/H XR1/H ∆min/H 
Experiment 1.040 1.612   
LES 0.81…1.29 1.43…1.72 0.01…0.05   
RANS (k-ε) 0.52…0.95 2.08…2.73   
PALM R10 0.91 ±0.04 2.00 ±0.06 0.1 
PALM R20 1.13 ±0.04 1.54 ±0.04 0.05 
PALM R40 0.96 ±0.04 1.63 ±0.04 0.025 
PALM R80 0.96 ±0.06 1.63 ±0.04 0.0125 
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Fig. 2: Streamlines of the temporal mean flow projected onto the centreline of the cube flow. (a) Reference experiment by 
Martinuzzi and Tropea (1993), (b)-(c) selected LES results (Breuer, 2002), (e) PALM R40 result, (e)-(f) selected RANS results 
(Breuer, 2002). 
 
Apart from the usual and expected vortex generation and channelling effects, this snapshot reveals two 
interesting points. The first point is the fairly large number of blue* (= low-level) particles in the bottom left 
quadrant (labelled “A”) upstream of the twin towers (“T”). These have all been released from the line source just 
before the twin towers. They have travelled far upstream. 
The second point is the WSW-ENE street canyon just south of the twin towers (“B”), where several blue* (= low-
level) particles travel upstream. In the course of the simulation, the flow in this particular street canyon is 
intermittent: periods of low-level upstream flow alternate with periods of low-level downstream flow (not shown). 
Both points illustrate the capabilities of urban LES: to reproduce unsteady or intermittent, i.e. time-dependent flow. 
Thus, we believe urban LES can contribute to improve pollution forecasts through instantaneous and peak 
concentration forecasts. 
 
5. CONCLUSION AND OUTLOOK 
 
We introduced the topography version of the parallelized large-eddy simulation (LES) model PALM and described 
its new features and methods and its performance on current supercomputers. Validation showed that PALM is in 
line with experimental and other LES results, i.e. superior to the conventional RANS models. 
State-of-the-art parallel computing and parallel, on-the-fly graphics processing make PALM quick and effective. 
We demonstrated this with the example of a passive tracer dispersion animation in downtown Tokyo. Currently 
we use PALM to investigate urban thermal effects. 
 

(d) LES: PALM 

(e) 

(f) z 
x 

-2                           -1                               0                            1                              2                              3                            4
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Fig. 3: Snapshot of a scene of the Shinjuku particle dispersion feasibility study. Particle colour* stands for current particle height 
(blue* = low, red* = high), tail length stands for current particle speed (short = slow, long = fast). A marks the region upstream of 
the twin towers (labelled “T”); B marks the street canyon south of the twin towers. 
*For colours please refer to the electronic version of this paper. 
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Deformation of Local Circulations Developed over Both Coastal and Inland 
Urban Areas: Numerical Study 

 
Yukitaka Ohashi 

Okayama University of Science, Okayama, Japan 
 
 
 
Abstract 
 

We have numerically investigated local circulations developed in the vicinity of both coastal and inland urban 
areas. The coastal urban area is Osaka City (2.6 million in population), while the inland urban area is Kyoto City 
(1.5 million in population). These huge cities are located at the interval of 40 kilometers. Around the coastal urban 
Osaka, the sea breeze circulation (SBC) coexists with the heat island circulation (HIC). On the other hand, around 
the inland urban Kyoto, the valley circulation (VC) coexists with the HIC. A new flow (chain flow) has been 
generated over the suburban atmosphere between the two urban areas, which plays an important role for 
transporting moisture and pollutants. 
 
Key words: local circulations, mesoscale meteorological model, chain flow, two huge urban areas 
 
 
 
1. INTRODUCTION  
 

Thermally driven local circulations such as land and sea breezes, valley and mountainous wind, heat island 
circulation, often develop around urban areas which are located near coast or mountain regions. This complicates 
the air flow due to interactions among the local circulations. A deformation of local circulation has been reported 
about the huge urban Tokyo in Japan (Yoshikado and Kondo, 1989; Yoshikado, 1992; Kusaka et al., 2000). The 
deformation is caused by the existence of the urban area, which spatially and temporally alters the air flow. 
  We present here the deformation of local circulation that appears in the huge urban Osaka and Kyoto in Japan. 
The populations of Osaka and Kyoto City are about 2.6 million and 1.4 million, respectively. These two urban 
areas are 30�40 km away from each other; the Osaka urban area is located near Osaka Bay, while the Kyoto 
urban area is in the inland Kyoto Basin (Fig.1). The sea breeze circulation (SBC) penetrates from a seashore of 
Osaka inlandward. After then, the SBC passes over the Osaka and Kyoto urban areas in turn.  
   
 
2. GENERATION OF CHAIN FLOW 
 

When multi urban areas coexist nearly, the SBC deforms over the suburban between the two urban areas 
(Ohashi and Kida, 2002a, 2004). Figure 2 indicates the results of the numerical simulation with the idealized 
Osaka and Kyoto areas, that is, square-shaped urban and flat terrain (Ohashi and Kida, 2002). The left figure 
shows the simulation result with only coastal Osaka urban area, while the right figure shows the result with both 
coastal Osaka and inland Kyoto urban areas. As can be seen in comparison with these figures, the inlandward 
flow, which is formed over the suburban between the two urban areas, is downward intensified by the Inland 
urban heat island circulation (HIC). This flow connected from the coastal SBC to the inland HIC has been named 
as “chain flow” after its flow shape. The air-pollution matters emitted from the coastal Osaka diffuse at the lower 
level over the suburban. 

Unfortunately, the chain flow has never been immediately observed in the Osaka and Kyoto areas, because the 
atmospheric observations over the suburban have not densely been conducted. However, the existence of the 
chain flow was indirectly suggested from the surface observation data of meteorological elements and 
atmospheric pollutants in the Osaka and Kyoto areas (Ohashi and Kida, 2004).  
 
 
3. NUMERICAL SIMULATIONS WITH WRF 
 

We used a mesoscale meteorological model, the Weather Research and Forecasting (WRF-AWR) model 
developed by NCAR, NCEP, NOAA, and AFWA, which is a compressible fluid and non-hydrostatic model. The 
Noah-LSM is adopted as the land surface model. The scheme for the atmospheric boundary layer is a TKE 
prognostic equation (the Mellor-Yamada-Janjic scheme). The three-classes WSM scheme was chosen for the 
micropyisics calculation.  

The horizontal computational domain was divided into the three, and each domain was connected by the two-
way nesting method. The domain, which had a finest mesh (1 km), included the Osaka and Kyoto urban areas. 
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The initial and boundary conditions were given from the use of the mesoscale objective analysis data provided by 
the Japan Meteorological Agency and the RTG_SST data provided by NCEP. 

The calculation started from 21 July, 2004 and ended on 10 August, 2004. Thus, the simulation results during 
20 days except the first day were analyzed.  
 
 
4. RESULTS 
 

Shown in Fig. 3 are simulation results with the WRF. During daytimes, the SBC penetrates inlandward from 
Osaka Bay. At 1500 LST on 26 July, the SBC front is located at the suburban area between the coastal Osaka 
urban and the inland Kyoto urban areas (Fig. 3a). On the other hand, the horizontal convergence of winds 
appears at the Kyoto urban area; this phenomenon is probably attributed to the HIC which is thermally driven by 
the urban-suburban contrast. 

As can be seen in the vertical distribution of wind vectors (Fig. 3b), the downward motion occurs ahead of the 
SBC front, of which the portion is over the suburban area between the Osaka and Kyoto urban areas. Its 
horizontal wind (2-3 m/s) is weaker than the sea-breeze wind (5-6 m/s), which links the coastal SBC flow to the 
inland HIC flow, as illustrated in Fig. 2. That is, the flow shape is like a chain� the chain flow. 

Figure 4 indicates the daytime sensible-heat supplied from the surface, which was calculated with the WRF. The 
figure reveals that the maximum sensible-heat flux appears in the Osaka and Kyoto urban areas. This means that 
the heat supply into the atmosphere is greater in the two areas, which helps the generation of thermally driven 
local-circulations. The downward wind over the suburban area appears seven days of 20 days during the period 
of calculations. When the chain flow including the downward wind is strong, the two maximum regions of the 
surface sensible-heat flux clearly appear as shown in Fig. 4. On the other hand, the two maximum regions of the 
surface sensible-heat flux are unclear when the chain flow is a weak. Thus, a generation of the chain flow is 
closely related with the sensible-heat supply from urban areas into the atmospheric boundary layer. 
   
 
5. SUMMARY 
 

Local circulations, which develop under conditions that multi-urban areas coexist, have been investigated using 
a mesoscale meteorological model (WRF). The study area is Osaka and Kyoto urban areas in Japan. Long-term 
numerical integrations have been executed for these areas. The results have shown that a chain-shaped flow 
tends to been formed between the two urban areas. The new flow has been named as “chain flow”. The chain 
flow has generated a downward motion over the suburban between the two urban areas, by linking a sea-breeze 
circulation with a heat-island circulation. The numerical experiments have revealed that the interactions between 
the sea-breeze circulation and the multi heat-island circulations generate the interesting chain flow. The flow has 
been intensified by valley circulations which develop over mountains in the vicinity of the Osaka and Kyoto areas. 
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Figure 1.  Map of the Osaka and Kyoto urban areas in Japan. The shades of the right-side figure represent the 

coverring rate of high-rise buildings.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Vertical distribution of wind vectors (upper figures) and pollutant particles (lower figures), which has 

numerically been simulated by Ohashi and Kida (2002a). The calculations have been executed under the 
co-existence of the sea, coastal urban area, and inland urban area. 
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Figure 3.  Simulation results with the WRF. (a) Horizontal distribution of surface wind vectors, topography 

(contous), and land-use type (shades; the urban area is indicated with the heavy shade). (b) Vertical 
distribution of wind vectors, potential temperature (contours), and specific humidity (shades). The 
crosssection position of  (b) corresponds to the dashed line in (a). 

  
 
 

 
Figure 4.  Simulation results with the WRF. Horizontal distribution of the sensible-heat flux (W/m2) from the 

surface at (a) 1200 LST and (b) 1500 LST on 26 July, 2004. 
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From meso-scale to street-scale: a downscaling procedure using statistical 
and CFD models. The Lisbon case study  
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* University of Cambridge, Cambridge, UK ; +Norwegian Meteorological Institute, Oslo, Norway 

# University of Thessaloniki, Thessaloniki, Greece 
 

Abstract  
 
Within the scope of the European ATREUS network were developed methodologies aiming at the optimization of 
the energy consumption of buildings in relation to their cooling and heating requirements. These are strongly 
related to the micro-climatic conditions that develop within the vicinity of buildings and particularly the wind speed, 
temperature and humidity. On the large scale we used the ECMWF ERA-40 archive and the meso-scale model 
MM5 to provide solutions without detailed analysis of the near-surface region. We then used two methodologies in 
order to produce detailed micro-meteorological profiles within a real urban canopy. The first method is based on 
the exchange of momentum and mass between the urban canopy and the urban boundary layer above, by using 
spatially-averaged wind profiles over the canopy volume. The second is based on Computational Fluid Dynamics 
(CFD) simulations, which provide high-resolution details on the spatial distribution of the wind and temperature. 
 
Key words: urban heat island, spatially-averaged profiles, urban canopy layer, CFD  
 
1. INTRODUCTION 
 
Baixa, a real urban canopy in Lisbon, was selected for this study. It is located in the southern part of Lisbon, 
between the river Tagus and the Atlantic Ocean. The planar area Ap of the domain was about (400x400) m. The 
building arrangement was regular, consisting in a well-aligned arrays of blocks with uniform height H=15m. The 
canopy planar area density λp, (the ratio of the total roof area to Ap), was equal to 0.32.  
Meso-scale simulations were carried out for this case study using meteorological data from the ECMWF re-
analysis ERA-project and the non-hydrostatic meso-scale numerical weather prediction model MM5, developed 
by the Pennsylvania State University/National Center for Atmospheric Research. Pressure, humidity, turbulent 
kinetic energy and vertical profiles of wind speed and direction were generated from MM5 simulations, relative to 
the selected domain. A representative day (09/07/2000) of the most frequent circulation weather type in Lisbon 
was chosen to reproduce hourly vertical profiles of wind speed, temperature and humidity over the selected 
domain. MM5 simulations provided vertical profiles of such meteorological quantities starting from 10 m (which 
corresponds to the summation of the displacement height and the roughness length) above the ground up to 1200 
m. Below a height of around 10m, MM5 did not predicted physically realistic velocity profile due to the poor 
characterisation of the urban canopy surface within the model (Figure 1a and Figure 3). 
A downscaling procedure was used to produce detailed solutions for the near-surface region. Two approaches 
were used for this and then compared: a statistical and a CFD approach. This downscaling procedure was 
performed by using boundary condition data (at a reference height zref equal to 3 times the building height) 
provided by MM5 simulations for wind speed and direction, temperature and relative humidity. MM5 also provided 
the sensible and latent heat  flux densities at the surface used for this calculation. 
 
2. LISBON BAIXA DOMAIN: STATISTICAL ANALYSIS AND RESULTS  
 
The first approach consisted in deriving spatially-averaged wind, temperature and relative humidity profiles, for 
each hour of the selected day.  
Vertical profiles of spatially-averaged wind speed U(z) were obtained by solving numerically the momentum 
balance Equation (1), between the urban canopy and the urban boundary layer aloft (Macdonald, 2000), 
assuming a constant wind direction below the reference height: 
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d fD θλ
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.                                                   (1) 

l(z) is the mixing length, CD is the mean drag coefficient (equal to 1.20) λf (θ) is the frontal area density (which 
depends on the wind direction θ). Result for one case is shown in Figure 1a, where the spatially-averaged velocity 
profile is plotted together with the velocity profile obtained by MM5 for the same case. The methodology adopted 
predicts a more detailed averaged wind profile within the urban canopy layer. 
Results from (1) show how the drag force exerted by the buildings reduces the wind velocity magnitude beneath 
zref, down to the surface. It was also verified that the two profiles matched within the logarithmic region, above zref 

(Figure 1a). 
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The transfer of mass has been found to be the main process responsible for the scalar exchange of heat and 
moisture between the urban canopy layer and urban boundary layer above. A methodology based on the 
characterisation of the urban canopy in terms of statistical parameters has been adopted to evaluate such mass 
transfer. The exchange velocity formulation uE, proposed by Bentham and Britter (2003) (Equation 2), has been 
applied to obtain spatially-averaged temperature and relative humidity profiles within the urban canopy layer:  

( ) 12
*

−−= CrefE uUuu                                                                (2) 

where Uref is the wind speed at the reference height zref, ∗u is the friction velocity and uC is the in-canopy velocity. 

The friction velocity ∗u has been estimated assuming a logarithmic reduction of the wind speed as the flow 

approached to the ground (Equation 3): 
( )[ ] 1

0lnln40.0 −
∗ −−= zdzUu refref ,                                                  (3) 

where d=8.7m is the displacement height  and z0 is the roughness length computed as in Macdonald et al. (1998). 
z0 depends on the frontal area density of the domain λf (θ), and then on the wind direction θ. In the present analysis 
its range of variation has been found to be between 0.07H÷ 0.15H. 
The in-canopy velocity uC has been calculated as the spatially averaged velocity of the wind within the canopy 
(Equation 4):  

∫−=
H

C dzzUHU
0

1 )(                                                     (4) 

where U(z) is the solution of (1). 
Using results from (2), (3) and (4), spatially averaged temperature profiles Tcan were computed, using equation 
(5a) to define the sensible heat flux density QH  (W m-2): 

       )( refcanEpH TTuCQ −= ρ                                                      (5a) 

where ρ is the density of the air, Cp is the specific heat capacity at constant pressure of the air and Tref is the 
temperature of the air at the reference height zref. 
It follows (5a) that the in-canyon temperature Tcan is equal to: 

 ( ) 1−+= EpHrefcan uCQTT ρ                                                   (5b) 

Results for Tcan are shown in Figure 1b. The canopy temperature Tcan is compared with the reference temperature 
Tref and with the temperature Tout gathered at the CACEM meteorological station, located outside the city. The 
determination of the air temperature in the urban canopy allows the calculation of the ∆Tcan-r factor, representing 
the difference between the air temperature in the urban canopy (Tcan) and the air temperature recorded at a close 
meteorological station (Tr), in the city surrounding. This comparison provides an estimation of the urban heat 
island effect (UHI) in Lisbon during the selected day.  
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Fig. 1 a) Spatially-averaged velocity profile computed using Equation (1) and MM5 velocity profile; b) 
temperatures (left hand side axis) and exchange velocity (right hand side axis) time series during the select day 
(see text).  
 
Peak differences of about 5 K between Tcan and Tr have been found between 1 pm and 3 pm, whilst the difference 
between Tcan and Tref  is not so marked, reaching about 1.5 K at 1 pm, and being slightly negative during the night.  
Similar analyses were also carried out for the relative humidity, using the data of latent heat flux density at the 
ground and relative humidity at the reference height provided by MM5 simulations. Peak differences of about 
42.5% in relative humidity were found during the night. Together with the temperature time series, in Figure 1b 
are also displayed the corresponding uE values. As expected, to a minimum uE  corresponds a maximun in Tcan. 
Besides the estimation of the UHI intensity in Lisbon, this study provided also an insight into the fluid mechanical 
properties of a real urban canopy. Analyses of the exchange velocity and the in-canopy velocity have been 
undertaken. uE has been found to be 2%÷2.5% of Uref over the all the selected day, whilst uC  showed a more 
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marked dependance on the frontal area density λf (θ), varying between  2.3%÷4.5% of Uref. Analysis of ∗u in terms 

of the turbulent shear stress was also made, using results from Equation (1). 
 
3. LISBON BAIXA DOMAIN: CFD ANALYSIS AND RESULTS 
 
A CFD analysis of the Lisbon Baixa domain has been carried out using the standard k-ε provided by the CFD 
code FLUENT. Initial results are provided for the case study relative to the selected day 09/07/2000, for the hours 
3pm and 10pm. In the first case the wind direction was perfectly aligned with the domain centerline 
(corresponding to the North direction), making it possible to identify some symmetry properties, which allowed the 
reduction of the computational costs. In the second case the wind direction was at an angle equal to 45° with 
respect to the domain orientation, blowing from the southwest corner. 
Some of the main geometric features of the modeled domain are hereafter listed. An input length of 5 times the 
building height H and an output length of 12.7 times H were set in order to avoid strong effects of the boundary 
conditions on the flow. For the same reason, the height of the computational domain was set equal to 10H.  Two 
different grids were used to mesh the computational domain. The first, with larger cells (ranging from 1m to 15 m) 
was used to reach the first degree of convergence for momentum, continuity, energy, k and ε. Interpolated profiles 
obtained by this first run were used as input to a much finer meshed domain, with grid cells size ranging from 0.5 
m to 10m, with a growing factor equal to 1.08, giving a total number of 4 million cells. A second degree of 
convergence was reached.    
The wind profile from MM5 simulations together with the profiles for turbulent kinetic energy and dissipation rate 
proposed by Richards and Hoxey (1993) were set as inlet boundary conditions. However, since periodic boundary 
conditions were used, the inlet profiles only represented a guess, as during the iteration runs (more than 105 for 
both the implemented grids) these profiles changed, being forced to adjust to the canopy geometry.  
Concerning the temperature boundary conditions, an up-scaling approach was used. The temperature of the 
building walls was set using the values obtained by the building and HVAC system models for the same case 
study. The street surface was treated as the roof of a building having the thermal properties of the typical street 
building materials. Those temperatures were calculated taking into account for the radiative effects as well as the 
shadow areas within the domain (Oxizidis et al., 2005). 
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Fig. 2 a) Velocity profiles in the selected points and spatially averaged velocity profile; b) temperature profiles in 
the selected points and spatially averaged temperature profile;  
 
Some initial results for temperature and velocity are presented in Figure 2, relative to a situation where the input 
flow was aligned with the domain centerline (hour 3pm). These profiles are relative to 3 different positions within 
the modelled canopy, chosen as representative of the flow properties. The first is the region between two rows of 
aligned buildings, where the flow was parallel to the canyon axis (rake 1). The second is the region in the middle 
of an intersection area (rake 2), and the third was chosen in a vortex region (rake 3), where the flow was normal 
to the canyon axis and a vortex circulation developed. In Figure 2a and 2b the spatially averaged profiles are also 
reported. Those were calculated as weighted averaged volume integrals of the 3 rake-profiles. 
Comparing the values of Tcan obtained by CFD analysis with the one from Equation (5b) for this single case, a 
good agreement was found. Volume averaged integral of the temperature beneath the building height from CFD 
analysis predicts Tcan= 301.84K, whilst from the statistical analysis Tcan= 302.16K. However, results relatively to 
the other hours of the day are required in order to generalise the conclusion about the validity of such a 
comparison between the two methodologies adopted, and to have a wider understanding about the UHI effect in 
Lisbon. 
 
In Figure 3 is shown a comparison between the spatially averaged profiles obtained by the CFD analysis (marked 
line in Figure 2b) and the profiles obtained by using the statistical analysis discussed previously. The comparison 
is given for two cases. The first (Figure 3a) is relative to the case discussed so far, where the wind blew aligned 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

306



 

with the domain north direction. The comparison is surprisingly excellent in the upper part (the logarithmic region) 
as well as within the canopy layer.  
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Fig. 3 Comparison between the CFD spatially averaged profile, the statistical velocity profile and the MM5 velocity 
profile. a) Wind aligned with the domain centreline; b) wind at 45° with respect the domain centreline.   
 
Profiles showed in Figure 3b are relative to the case when the wind blew at an angle of 45° with respec t to the 
north direction. A significant discrepancy between the two profiles, and even with the wind profile obtained by 
MM5 simulations, has been found. The shape of the profile obtained by CFD simulations as a weighted spatially 
averaged-profile shows that, below z=H, the flow is mainly dominated by a vortex circulation. This feature of the 
flow is hardly captured by equation (1), but it is the dominant flow pattern for high packing densities. A comparison 
between the x- and y-component of the mean flow and the CFD averaged profile may provide a better agreement. 
Also, a more appropriate averaging procedure could result in an improved comparison, for example by averaging 
over all the velocity profiles along the wind direction.   
 
4. CONCLUSIONS 
 
The analysis carried out in the present study has been focused on the derivation of spatially-averaged profiles of 
wind, temperature and relative humidity for a real urban canopy, using both a statistical approach, based on 
numerical models, and CFD analysis. The urban canopy examined was the Baixa neighbourhood in Lisbon. 
Simple operational parameterizations have been adopted in this study and compared with more complex 
techniques, such as CFD. 
The statistical-based relations for the exchange of momentum, heat and moisture, have been adopted to study 
complex phenomena as the UHI. Results have demonstrated the high potential of applying a simplified analysis to 
predict UHI intensities in a real urban canopy. Interesting results were also obtained concerning other important 
fluid-mechanical properties of the flow. Moreover, spatially averaged wind speed profiles obtained by CFD 
analysis were compared with the profiles obtained by the momentum balance equation, showing a good 
agreement in the case where the wind blew parallel to the north direction. This result confirms once more the 
potential of applying the statistical analysis to complex geometries.  
However, further analysis and comparison are still required to state to what extent the two methodologies can be 
compared, and for what kind of geometric configurations. 
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A MICRO-SCALE 3-D URBAN ENERGY BALANCE MODEL FOR STUDYING 
SURFACE TEMPERATURE 
E. Scott Krayenhoff1, James A. Voogt 

University of Western Ontario, London, ON, Canada 
 
 
Abstract 
 
A micro-scale 3-D urban energy balance model, Temperatures of Urban Facets in 3-D (TUF-3D), is developed to 
predict urban surface temperatures for a variety of surface geometries and properties, weather conditions, and 
solar angles.  The surface is composed of plane-parallel roofs, walls and streets that are subdivided into identical, 
square patches.  The model code is structured into radiation, conduction and convection sub-models.  The 
complete model is tested against full-scale urban surface temperature observations.  Modelled surface 
temperatures perform well at both the facet-average and the sub-facet scales given the precision of the 
observations and the uncertainties in the model inputs.  The model has several potential applications. 
 
Key words: 3-D urban energy balance model, radiative exchange, surface temperature 
 
 
1. INTRODUCTION  
 

The urban surface energy balance is essential to the understanding of urban climate and boundary layer 
processes.  Surface temperature results from the surface energy balance, and is fundamental to the prediction of 
each of its component fluxes with the exception of the solar forcing (Oke, 1988). 

This research investigates spatio-temporal distributions of urban surface temperatures down to the sub-facet 
scale (i.e. temperature distributions across walls, streets, 
and roofs).  Little research has been done at this scale due 
to the labour-intensiveness of observations and a lack of 
knowledge on which to base modelling. 

Here, development of the new Temperatures of Urban 
Facets in 3-D (TUF-3D) model, which accounts for the most 
important energy exchanges contributing to distributions of 
urban surface temperature at sub-facet scales, is 
undertaken.  TUF-3D is designed to simulate the energy 
exchanges at simple, non-vegetated, dry, plane-parallel 3-D 
urban surfaces on timescales of hours to days.  Knowledge 
of surface temperature at sub-facet scales is important for a 
number of applications, including the design of buildings and 
neighbourhoods to maximise thermal efficiency (Mills, 1997), 
and the investigation of anisotropic thermal emission at the 
land-use scale (Voogt and Oke, 1998).  
       Figure 1: A TUF-3D domain with a bounding wall and the 

sub-domain (chosen to coincide with the central 
       wavelength) in lighter shades 
2. MODEL DESIGN  

 
TUF-3D represents the urban surface as a 3-D raster structure consisting of cubic cells.  Surface patches with 

five possible orientations (downward-facing surfaces are excluded) are defined at the interfaces between cubic 
cells containing ambient air and those containing either the street layer or building interior.  When modelling 
regular, repeating arrays of buildings, an ‘urban wavelength’ defines the smallest plan area that repeats through 
the entire array (Figure 1).  A rectangular user-input sub-domain is defined over which model outputs are 
computed, permitting flexibility in the output domain.  Carefully chosen, e.g. over the central ‘urban wavelength’ 
for regular building arrays, it provides representative results for the whole domain.  A bounding wall may be 
included to provide realistic horizontal radiative boundary conditions (Figure 1). 

 
2.1 Radiation Sub-model 
 

All radiative reflection and emission is assumed perfectly diffuse, or Lambertian.  This enables radiative 
exchange to be tracked with the use of view factors, which determine the fraction of radiation emitted by a patch i 
incident on a patch j (ψi,j) based on the size, orientation, and separation of the two patches.  View factors for those 
patch pairs visible to one another are calculated with exact plane parallel analytical equations combined with view 

                                                 
1Corresponding author: Scott Krayenhoff, Department of Geography, Social Science Centre, University of Western Ontario, 
London, ON, Canada; skrayenh@gmail.com 
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factor algebra.  Direct shortwave radiation produces complex sunlit-shaded distributions over 3-D urban surfaces 
that are critical in the development of spatial distributions of surface temperature.  For increased accuracy, each 
patch is divided into four equal sub-patches, which are tested to determine their sunlit/shaded status. 

Longwave and shortwave reflection and absorption are modelled identically, but are initialised differently to 
properly account for shading of direct solar, diffuse solar, and longwave emitted from both the sky and the urban 
surfaces.  Multiple reflection is modelled with an iterative approach in order to avoid the memory requirements of 
an exact matrix solution.  A reflection event consists of each surface patch i reflecting a fraction (αi for shortwave, 
1-εi for longwave) of the total incident radiation from all other visible patches (in the whole domain) during the 
previous reflection: 

∑ ⋅⋅=
=

+ n

j

q
jiji

q
i RR

1
,

1 ψα . (1) 

where 1+q
iR  is the radiation reflected by patch i at reflection q+1 and q

jR  is the radiation reflected by patch j at 

reflection q.  Reflections are performed until the changes in sub-domain averaged longwave reflectivity and 
shortwave albedo are both sufficiently small. 

A version of TUF-3D that is optimised for 2-D scenarios, TUF-2D, is created by imposing horizontal 
homogeneity in the y-dimension and therefore only solving Equation (1) for those patches with a chosen y-value.  
Three-dimensional arrays composed of one repeating urban wavelength are modelled with an optimised version 
of TUF-3D that imitates periodic boundary conditions by solving Equation (1) only for patches in the central urban 
wavelength, and setting radiative and energy balance exchanges of all other patches equal to the corresponding 
patch within the central urban wavelength.  The different model versions are collectively referred to by “TUF”. 
 
2.2 Conduction Sub-Model and Surface Temperature 
 

One-dimensional conduction within the patch substrate is bounded by surface energy exchanges at the patch 
surface and by the internal building energy exchanges or a deep-soil temperature at the substrate base.  A 
version of the 1-D heat conduction equation that permits variable layer thickness and thermal conductivity is 
solved by finite differences for each patch (Masson, 2000). 

A version of the approach used by Arnfield (1990) to model the surface boundary condition (i.e. the surface 
temperature) is used.  The energy balance at the surface for a given patch reads: 
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where ↓K and ↓L are the incoming shortwave and longwave radiation, h is the convective heat transfer 
coefficient, T(z) is the air temperature at height z, and k1, ∆x1 and T1 are the thermal conductivity, thickness and 
temperature of the surface substrate layer (layer 1), and m refers to the timestep.  This equation is solved for the 

surface temperature at the next time step ( 1+m
sfcT ).  An additional layer of iteration is included (Arnfield, 1990).  

That is, the longwave emission and multiple reflections are solved anew with the newly calculated patch surface 

temperatures, followed by the recalculation of Equation (2) with updated 1+↓m
iL  for each patch i (which is a 

function of the 1
,
+m

jsfcT  from other patches j that are viewed by i), and so on until system equilibrium is achieved. 

 
2.3 Convection Sub-model 
 

In order to effectively model convection from surfaces the amount of mechanical energy in the flow adjacent to 
the surface must be estimated.  Additionally, the thermal energy of the flow must be modelled, both to determine 
stability effects on vertical turbulent transport, and to estimate the surface-air thermal gradient that controls 
convective heat transfer.  A 1-D, empirically-based approach to convection similar to Masson (2000) is used here, 
and therefore horizontal exchanges (e.g. advection) are neglected. 

The general framework employed for parameterization of the wind speed profile in the roughness sub-layer 
above the canopy is the logarithmic ‘law’, for lack of an alternative.  The canopy wind speed profile is modelled 
with an exponential curve, based on the following condition: 
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where U is wind speed, zH is the mean building height, λp is the plan area index and λf is the frontal area index.  
Equation (3) gives very similar results to Kusaka et al. (2001) for a range of built densities, but is significantly 
higher than Masson (2000) for H/W < 2.5. 

It is found that a canopy profile of the form: 
)exp()( zCBAzU ⋅⋅+= ,                 (z < zH), (4) 
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may be used to satisfy Equation (3) while also matching the zeroth and first derivatives of the canopy and above-
canopy U profiles at z = zH.  This generates a system of three equations, which are solved for the parameters A, 
B, and C.  The formulation compares well with Rotach’s (1995) results through both the canopy and above-
canopy layers and yields realistic variation through a range of typical packing densities, and approaches zero for 
high λp. 

The temperature profile is similar to the wind profile except that canopy temperature is constant, which allows 
for the calculation of a single explicit canopy air energy budget for the volume of air below z = zH and within the 
sub-domain. 

Patch convection follows the typical formulation, and depends on h and the surface-air temperature difference.  
Horizontal patch h-values are calculated using the stability coefficients of Mascart et al. (1995).  Wall h is 
calculated based on a flat plate forced convection relationship. 
 
 
Table 1: Basel Sperrstrasse simulation parameters.   
*In number of patches.  Source: Christen and Vogt (2004) 

 
  Table 2: Basel Sperrstrasse simulation thermal parameters. 
 Sources: Oke (1987), R.  Dupuis (personal communication). 

 
 
 

 
 
3. MODEL TESTING 
 

Numerous tests are conducted to ensure energy conservation and accuracy of the sub-models (not shown). 
 
3.1. Full Model - Basel Sperrstrasse 
 

Detailed within-canyon surface temperature IRT measurements in a WSW-ENE oriented canyon (H/W = 1.24) 
in downtown Basel, Switzerland (47.57 ºN, 7.58 ºE) were conducted as part of the BUBBLE campaign (Rotach, 
2002).  Parameters are fixed prior to simulation and are based on local geometrical indices and construction 
materials, and on tabulated thermal and radiative parameters (Tables 1 and 2).  June 26, 2002 is chosen because 
it has mostly clear skies and it is during the BUBBLE IOP.  Measurements at z ~ 32 m above the canyon floor 
provide the forcing data.  TUF-2D simulations begin at 0000 LMST June 25 (to allow for model spinup).  TUF 
output apparent surface temperatures, which include emissivity and multiple reflection effects, are more 
appropriate for comparison with IRT temperatures than kinetic surface temperatures, which result directly from 
patch surface energy balances. 

Figure 2 shows the model-observation comparison.  Agreement is good, particularly considering the large 
simplifications inherent in the model (e.g. no balconies, windows, cars, etc.) relative to the spatial scale of 
temperature measurement, and the uncertainties in choosing input parameters and in matching the observed IRT 
fields of view (FOVs) with model patch ranges.  The patterns of temperature evolution are well reproduced with 
the exception of midday overestimation at the north side of the street and a shift in the north-facing wall’s 
afternoon peak.  RMSE normalised by mean facet diurnal temperatures ranges remains below 16%, and r2 is 
above 0.88, for all facets. 

The temporal evolution of intra-facet temperature differences is reasonably well-reproduced (Figure 3).  
Magnitudes are at times slightly different, and visually diverge significantly only for the south-wall, whose 
observed bottom-top temperature difference approximates zero during the morning hours when the model finds a 
positive difference due to the proximity of the bottom of the wall to the warm, sunlit (north) portion of the street. 
 

Geometric  Radiative  
λp 0.53 αstreet 0.11 

zH (m) 14.6 αwall 0.30 
λf 0.37 εstreet 0.92 

z0town (m) 1.73 εwall 0.85 
street z0m (m) 0.02 Initial 

Values 
 

canyon 
orientation (º) 

70.0 Tstreet (ºC) 24.5 

street width* 8 Twall (ºC) 21.5 
building 
height* 

10 Tinterior (ºC) 22.0 

 building 
length* 

9 by 
120 

Tdeep soil 
(ºC) 

20.0 

Parameter layer 1 layer 2 layer 3 layer 4 
streets     
∆x (cm) 2.0 3.0 10.0 50.0 
k (W m-1 K-1) 0.84 0.84 0.93 0.28 
C (MJ m-3 K-1) 1.92 1.92 1.55 1.35 
walls     
∆x (cm) 0.9 3.4 8.5 1.7 
k (W m-1 K-1) 1.12 1.12 1.12 0.28 
C (MJ m-3 K-1) 1.74 1.93 1.93 1.49 
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Figure 2: Basel Sperrstrasse IRT and TUF-2D apparent surface Figure 3: Basel Sperrstrasse IRT observed and TUF-2D 
temperatures for June 26, 2002.  Wall temperatures are facet modelled apparent surface temperature differences for 
‘averages’ from 60º FOV IRTs.  N = north side, S = south side. June 26, 2002.  All IRTs have 15º FOV. 
 
4. CONCLUSIONS 
 

A new sub-facet scale urban energy balance model, TUF-3D, is constructed.  TUF-3D combines several 
attributes necessary to model the surface temperature distribution at sub-facet scales: 3-D geometry, rigorous 
treatment of radiation exchange at the sub-facet scale, and solution of the energy balance at the sub-facet scale.  
TUF-3D is also useful in modelling radiative exchange at the sub-facet scale, and in investigation of the impacts 
of sub-facet scale variation of surface geometry, or of radiative or thermal properties. 

TUF-3D is currently limited by its simplicity.  Nevertheless, it is a first step in the investigation of surface 
temperature distributions in urban areas.  It models surface temperature at several scales and in a mostly 
simulated environment (i.e. it requires only a few forcing inputs, which also have the potential to be modelled).  
Further model development will aim to more realistically represent urban geometries and materials. 
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URBAN SURFACE AND ITS BOUNDARY LAYER: RESULTS BASED  ON 

SIMULATION EXPERIMENTS 
A. John Arnfield* 

The Ohio State University, USA & The University of Birmingham, UK 
 
 
Abstract 
 
The coupling, by turbulent sensible heat exchange, of the urban surface and urban boundary layer is fundamental 
to many local and regional meteorological impacts of urban areas.  Determinants of this process are diverse and 
many relate to the geometrical, thermal, radiative and moisture availability characteristics of the city topography.  
Isolating such effects in an observational study is impractical but numerical simulation provides a tool to 
characterise their impact, both individually and in combinations representative of real urban areas.  A simple local-
scale urban energy budget model is used to explore the role of building density, building height, wet fraction, and 
street orientation on the exchange process for sensible heat on a intra-diurnal and daily total basis. 
 
Key words:  sensible heat flux, numerical simulation, urban surface topography 
 
 
1. INTRODUCTION  
 
This study is intended to provide a preliminary answer to the question “How do the geometric and structural 
characteristics of an urban area control the coupling between the city and its overlying boundary layer by the 
turbulent exchange of sensible heat?”  The term “structural characteristics” here is intended to cover such 
features of urban topography as street orientation, building height, building spacing, building density, structural 
materials and the wet or “green” fraction.  This question is worth addressing as the turbulent sensible heat 
exchange of a city is central to the development and structure of the urban heat island and to the diurnal evolution 
of the mixed layer (with consequent impacts on pollutant concentration), and it has implications for the role of the 
built-up area on meteorological processes downwind and urban effects at the regional scale.  Moreover, realistic 
representation of urban sensible heat exchange is essential in climate simulation models at all scales, but 
especially those with fine grids, which are capable of resolving built up areas. 
 
Isolating the effects of these geometrical and structural factors in an observational study is problematical but 
numerical simulation (with an appropriately validated model) provides a tool for assessing their impact, either 
individually or in combinations representative of real settlements. 
 
2. THE MODEL   
 
The urban energy budget †model employed in this study is SUNBEEM (Simple Urban Neighbourhood Boundary 
Energy Exchange Model.  This is a local-scale urban energy budget model which has shown considerable 
promise in replicating tower-based observations in a variety of urban situations.  It is based on the urban canyon 
energy budget model of Arnfield (2000), which is used to simulate budget components for the street canyons of 
the urban landscape (usually roughly orthogonal to one another), although a latent heat flux has been added to 
the budget to permit modelling of urban landscapes with moist areas (gardens, street vegetation, water bodies 
etc) on canyon floors.  In addition, the down-canyon wind algorithm has been modified to yield a 2-D velocity field.  
Simulated energy budget results are combined with those for roof areas and canyon intersection areas based on 
the fraction of total plan area occupied by each.  Roof area energy budgets are computed using the same general 
algorithm as that used for surfaces within the urban canyon but without the need for topographic adjustments for 
irradiances and the wind field.  The energy budget components for the intersection area are evaluated by 
exploiting the empirical finding (e.g. Oke, 1981; Barring et al., 1985; Yamashita et al., 1986; Eliasson, 1990-91, 
1992, 1994) that many aspects of street-level climate and energy exchange are responsive to the sky view factor.  
Flux densities for the intersections are interpolated to the actual sky view factor in the centre of the intersection 
from flux densies and sky view factors for an open site and the adjacent centre canyon location. 

                                                 
* Author’s address: Department of Geography, The Ohio State University, 154 North Oval Mall, Columbus, OH 
43210, USA.  Author’s email: arnfield.2@osu.edu 
† The complete description of the model is currently in the publication process.  However, readers wishing more 
information on the procedure or its performance are encouraged to contact the author at the email address shown 
above. 
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The model has been validated against measured energy budget data (Grimmond, 2005).  Budgets for central 
Mexico City (in December) and both light industrial and medium-density residential areas in Vancouver (in 
August) have been compared to model output with excellent results.  Aggregated flux data at hourly intervals for 
all three sites are reproduced with a root-mean-square error of about 20 W m-2.  Diurnal courses of sensible heat 
flux are well reproduced by SUNBEEM and it is deemed a appropriate model for exploring the sensitivity of this 
important flux to a suite of urban topographic characteristics.  The particular characteristics investigated here are 
(a) street orientation, (b) building height, (c) building density, i.e. plan area of buildings as a ratio to total horizontal 
area, and (d) wet or “green” fraction.  The procedure for doing this is straightforward: for each of the three 
locations used for validation, the model is run for several cases in which one input variable, controlling each of the 
four characteristics listed above, is varied over a range, with all other model inputs remaining unchanged.  The 
simulated sensible heat fluxes for each of the cases are then compared. 
 
Table 1 summarizes the observed characteristics for the three locations used in the numerical experiments.  It 
also shows the labels that will be used in subsequent experiments to identify the datasets. 
 

Location Month Land Use Building 
Height (m) 

Building 
Density 

Green 
Fraction 

Label 

Mexico City December 
Central city 
and colonial 

core 
19 0.55 0.01 Me93 

Vancouver August 
Light industry 

and 
warehousing 

6 0.51 0.05 Vl92 

Vancouver August 
Medium-
density 

residential 
5 0.31 0.46 Vs92 

Table 1: Locations used in SUNBEEM model validations and for simulation experiments.  The labels in the right-
hand column are used to identify the locations in the discussion following. 
 
3. NUMERICAL EXPERIMENTS 
 
3.1. Street orientation 
 
Street canyon orientation controls the exposure of building walls and street surface to radiation sources, 
especially to direct solar radiation, and also affects the relationship between street long-axis and direction of 
ambient windfield, with consequent impact on within-canyon airflow (the mix of channelling and vortex flow, for 
example).  Nevertheless, there will be a tendency for compensating effects in canyons with different orientations 
for any urban landscape with a grid network street pattern with roughly perpendicular streets. 
 
In all of the model validation sites, street orientations are north-south and east-west (or within a few degrees of 
these directions).  For the purpose of this experiment, the canyon long-axes were rotated through 180º at 15º 
intervals.  (A rotation of 180º rather than just 90º was required to allow for asymmetry in the canyon form, mostly 
width, in the two cardinal directions.)  The effect on the diurnal course of sensible heat flux for all three locations 
was negligible, with maximum deviations in instantaneous fluxes of only a few watts per square metre. 
 
As suspected, therefore, for the three urban landscapes treated here, with grid street patterns, the effects of street 
orientation may be neglected.  This would not necessarily be the case for town forms with a strong asymmetry 
between streets in two directions or those with streets intersecting at angles quite different from 90º. 
 
3.2. Building height 
 
Hypothetically, the effect of building height change on the sensible heat flux is complex.  Ceteris paribus, 
increasing building height (a) increases canyon aspect ratio and tends to produce cooler canyons by day 
(reduced canyon source strength) and warmer ones by night (increased source strength), relative to roof areas, 
(b) reduces wind speed within canyon air spaces, tending to decrease canyon source strength at all times, and (c) 
increases active area ratio, which tends to enhance the role of the buildings’ internal heat supply in landscape 
source strength.  Reducing building height naturally produces opposite effects. 
 
The simulation experiment shows that, for all locations, the daytime sensible heat flux increases as building height 
increases.  By night, the opposite is the case for Me93 and Vl92 although building height has no clear effect for 
Vs92. 
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The Me93 case shows the greatest impact of building height, especially under nocturnal conditions when there is 
a difference of 75 W m-2 between the upward directed heat flux in the predawn period for the cases with buildings 
half the observed height and those twice the height (i.e. a four-fold building height change). 
 
Because opposite tendencies are evident for the daytime and nighttime, it is instructive to look at the effect of 
building height on integrated daily totals of sensible heat flux.  For both Me93 and Vs92, daily totals increase as 
buildings become taller.  For Vl92, the daytime and nighttime trends roughly cancel one another and the daily 
totals are approximately independent of building height. 
 
3.3. Building density 
 
Building density is the plan area of buildings expressed as a ratio with the total ground area.  When other factors 
are unchanged, increasing building density (a) increases the role of roofs as sources/sinks (roofs tend to have a 
larger thermal range than canyons, in general) and (b) increases the mean wind speed and turbulent transport 
adjacent to the surface.  Roof areas in general may have a larger or smaller thermal admittance than building 
walls and street surfaces, rendering this factor uncertain with respect to the effect on sensible heat flux.  For 
example, if the roof has a larger thermal admittance than canyon facets, increasing building density will tend to 
decrease sensible heat flux as the storage heat flux tends to be enhanced by a greater availability of heat storing 
urban fabric. 
 
The results of the simulation experiments for this factor were very complex.  For both Me93 and Vl92, sensible 
heat coupling with the boundary layer decreased as building density increased.  For Vl92, this pattern persisted at 
night while for Me93, the direction of the dependency reversed.  For the Vs92 location, there was no strong 
relationship between sensible heat exchange and building density, neither by day nor night.  In all cases, canyon 
wall thermal admittance exceeded roof admittance. 
 
Again, the Me93 case shows the greatest effects and the modelled urban landscape changes from a strong 
source of heat in the late nighttime hours to a moderate sink if building density is increased from 50% to 150% of 
the observed value. 
 
On an integrated daily basis, both Me93 and Vl92 showed a weaker surface to boundary layer sensible heat flux 
as building density increased.  For Vs92, coupling between the surface and the boundary layer was independent 
of building density. 
 
3.4. Wet fraction 
 
Increasing the wet (in this case, vegetated) fraction of canyon floors (a) routes more available net radiation into 
evaporation, rather than heating the surface and enhancing sensible heat flux, (b) increases the thermal 
admittance of the canyon floor, leading to a more moderate diurnal thermal regime, which tends to decrease the 
daytime flux, and (c) alters canyon floor albedo (increases or decreases, depending on the type of floor material 
being replaced), thus affecting the available net radiation and, indirectly, the sensible heat flux. 
 
The simulation experiments varied wet fraction for all locations between zero and the maximum possible (i.e. the 
rather unrealistic case of vegetation covering all of the canyon floor and intersection area): the pattern that 
emerges is, rather unsurprisingly, that by day and for all locations, the greater the wet fraction, the smaller the 
sensible heat flux.  At night, the same pattern persists although differences are smaller.  Naturally, the negative 
association between wet fraction and heat flux exists in daily totals too. 
 
In this case, Vl92 and Vs92 show the strongest daytime effects.  Change in the Me93 case is only moderate, 
perhaps because of the prevalence of shade on the canyon floors (canyon aspect ratios are about 1.2) which will 
tend to reduce the net radiation there and damp the response of the surface to the availability of water. 
 
4. CONCLUDING REMARKS  
 
Based on the numerical experiments reported here, the effects of surface changes on sensible heat flux are 
complex: identical surface geometry changes can have opposite effects for different types of urban landscapes or 
for the same landscape at different times of the day.  Only the dependence of the sensible heat flux on wet 
fraction shows a consistent pattern.  No surface types show hypersensitivity to surface characteristic changes but 
the magnitudes of the dependencies simulated are not insignificant and may play a role, for example, in spatial 
differences in mixing layer depth. 
 
In real cities, the factors treated here tend to covary.  For example, from the periphery to the centre of many cities, 
building density and height increase, while wet fraction decreases.  Synergistic effects are not explored here but 
are likely to be complex as covarying surface parameters may act in opposite directions on the magnitude of the 
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sensible heat flux.  For example, for none of the three sites used here would the changes suggested above for an 
urban transect produce an unequivocal effect on the sensible heat flux density. 
 
Acknowledgements 
 
I would like to acknowledge the US National Science Foundation for partial support of this work.  In addition, I 
wish to express my thanks to Dr Sue Grimmond (Department of Geography, King’s Collage, London) for her 
assistance in providing the measurements used to validate SUNBEEM and to act as the base cases for the 
numerical experiments. 
 
References 
 
Arnfield, A.J., 2000. A simple model of urban canyon energy budget and its validation. Physical Geography, 21, 
305-326. 
Bärring, L., Mattsson, J.O., Lindqvist, S., 1985. Canyon geometry, street temperatures and urban heat island in 
Malmö, Sweden. Journal of Climatology, 5, 433-444. 
Eliasson, I., 1990-91. Urban geometry, surface temperature and air temperature. Energy and Buildings, 15/16, 
141-145. 
Eliasson, I., 1992, Infrared thermography and urban temperature patterns. International Journal of Remote 
Sensing, 13, 869-879. 
Eliasson, I., 1994, Urban-suburban-rural air temperature differences related to street geometry. Physical 
Geography, 15, 1-22. 
Grimmond, C.S.B., 2005.  Personal communication. 
Oke, T.R., 1981.  Canyon geometry and the nocturnal heat island: comparison of scale model and field 
observations. Journal of Climatology, 1, 237-254. 
Yamashita, S., Sekine, K., Shoda, M., Yamashita, K., Hara, Y., 1986. On relationships between heat island and 
sky view factor in the cities of Tama River basin, Japan. Atmospheric Environment, 20, 681-686. 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

315



DEVELOPMENT ASSESSMENTT TOOLS FOR  
URBAN CLIMATE AND HEAT ISLAND MITIGATION 

Ryozo Ooka* 
*Institue of Industrial Science, The University of Tokyo, Japan 

 
Abstract 
 
In recent years, problems concerning the urban climate – including the urban heat island effect and urban air pollution – 
have attracted much attention with the widespread urbanization throughout Japan.  Assessment tools for urban climate 
are very important to understand the effective counter-measures for heat island mitigation. In this paper, various 
assessment tools are introduced and the future subjects are discussed. 
 
Key words: Assessment tool , Heat Island, Urban Climate 
 
1. INTRODUCTION  
 
In recent years, problems concerning the urban climate – including the urban heat island effect and urban air pollution – 
have attracted much attention with the widespread urbanization throughout Japan. Various counter-measures for the 
problems of urban climate are proposed and carried out. However the effect of these counter-measures are not 
confirmed clearly. The assessment tools for urban climate are very important to estimate the effectiveness of these 
measures.  In this paper, various assessment tools are introduced and the future subjects are discussed.. 
 
2. CLASSIFICATION OF ASSESSMENT TOOLS  
 
The assessment tools for urban climate using the computer simulation can be roughly classified into the models which 
have been developed in the meteorological or geographical field and the models in the engineering field such as wind 
engineering or civil engineering. The meteorological models are also classified into the meso-scale meteorological 
model and the one dimensional urban canopy model.  Originally the one dimensional urban canopy model has been 
developed as the surface sub-layer model for the meso-scale meteorological model. However, the one dimensional 
urban canopy model is often used independently to estimate the effect of counter measures for the urban heat island 
because it is very easy to deal with. As the calculation load is very small , a lot of  case studies of various heat island 
mitigation measures can be practical. As to the meso-scale meteorological model,  the it is good at predicting the 
phenomena in the region of 100kms order (meso-scale) such as the land and sea breezes. However, the size of the 
mesh of the meso-scale meteorological model is about 1km even at minimum, and it is unsuitable to evaluate the 
pedestrian level outdoor thermal environment. On the other hand, the engineering model is usually based on three 
dimensional CFD (Computational Fluid Dynamics) model, and often coupled with radiation and conduction calculation.  
This model is good at predicting the detailed space distributions of flow, temperature, scalar field inside the complex 
urban area and also referred as a micro climate model. These models are used sometimes separately and sometimes 
simultaneously according to the targeted scale and the resolution level required.  Thus, in this paper, the assessment 
tools are classified into three models, meso-scale meteorological model, one dimensional urban canopy model and three 
dimensional CFD model. The present situations and application of these models are described below.  
 
3. M ETEOROLOGICAL MODEL 
 
3.1 Meso-scale meteorological model for analysis on urban climate and urban heat island 
LEE et al [1] have carried out a simulation of heat island phenomena using a meteorological model. In Japan, Kikuchi et 
al [2] have conducted a numerical simulation of sea breeze over Kanto plain in 1981. From then, a lot of organizations 
have developed their own models. For example, NCAR and Pennsylvania State University have developed MM5 (5th  
Generation Meso-scale Model), and Colorado State University developed CSUMM (Colorado State University Meso-
scale Model) and later RAMS (Regional Atmospheric Modeling System). Yamada et al have developed HOTMAC(Higher 
Order Turbulence Model for Atmospheric Circulation). Recently WRF (Weather Research and Forecasting model)  was 
developed by NCAR. Many researchers of  the urban climate employ these models. Table 1 shows a comparison of 
various meso-scale meteorological models which are used for the urban climate and heat island researches.  
 
3.2 Application using the meso-scale meteorological model 
Mochida et al  [20] have analyzed the flow and temperature fields in summer  in the greater Tokyo area using HOTMAC.  
Air and surface ground temperatures under the land use conditions of between the present situation and Edo era (about 
200 years ago) were compared. Air temperature and surface temperature at the central part of Tokyo in the present 
situation increases by about 1 and 4 degree C respectively compared with those of Edo era. This means that the 
urbanization such as decrease of green area and increase of anthropogenic heat causes the progress of urban heat 
island. Ichinose et al [21] have evaluated the impact of anthropogenic heat and green coverage ratio on urban climate in 
Tokyo metropolitan area using CSUMM. The air temperature without anthropogenic heat is lower by about 1.5 degree C 
at 22:00 in Otemachi than that of the present situation.  The air temperature in the case, where all of the study area is 
assumed to be grassland, is lower by about 2.5 degree C at 21:00 in Otemachi than that of the present situation. Fan et 
al [22] have also evaluated the impact of anthropogenic heat on urban climate of Philadelphia using MM5. Kondo, A. et 
al [10] have evaluated the effects of high albedo painting on the road on the urban heat island in Osaka area using 
OASIS. The air temperature at the pedestrian level in the case that the albedo value of the road surface is 0.45 is lower 
by about 0.15 degree C at 12:00 in the central part of Osaka than that in the present situation (the albedo value = 0.15). 
Taha [23,24] has evaluated the impacts of urban vegetation increase and albedo change on the air quality in California’s  
South Coast Air Basin. Although the urban vegetation increase and albedo change decrease air temperature in the area, 
the urban vegetation increase causes more biogenic hydro-carbon emissions and high ozone concentration through 
photochemical reaction. Thus, Taha recommended albedo change in the view point of the air quality in the urban area. 
Kanda et al [25] have simulated small-scale cloud over a main street in the Tokyo metropolitan area using RAMS. 
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Murakami et al [26] have proposed a concept of heat balance model in which heat balance within the virtual control 
volume in urban space is estimated from the calculation results of the meso-scale meteorological model. This model 
enables quantitative consideration of various factors which form urban thermal environment. 
 
Table 1 Comparison of various meso-scale meteorolosical models for urban climate and heat island study 
NAME Developer Equation Turbulence Model Surface sublayer Main User for Hear Island Study 
LSM[3] Tsukuba-

Univ 
Hydro 0 equation Monin Obukhov F. Kimura, H. Kusaka 

AIST-MM [4] AIST*1 Hydro 0 equation 
Gambo’s model[19] 

Monin Obukhov 
AIST-CM 

H. Kondo, Y. Genchi, Kikegawa 

Software 
Platform[5] 

NEDO*2 Hydro k-l two equation 
Mellor and Yamada[12] 

Monin Obukhov 
urban canopy 

S. Murakami, A. Mochida, 
R. Ooka 

UCSS 
[6,7,8,9] 

BRI*3 Non-hydro k-ε two equation 
VuThanh Ca’s [7,8] 

urban canopy Y. Ashie 

OASIS 
[10,11] 

Osaka-Univ. Non-hydro 
optional 

k-l two equation 
Mellor and Yamada[12] 

urban canopy D. Narumi, A. Kondo 

HOTMAC[12] YSA*4 Non-hydro 
optional 

k-l two equation 
Mellor and Yamada[12] 

Monin Obukhov 
forest canopy  

S. Murakami, A. Mochida 

CSUMM[13] CSU*5 Hydro 0 equation 
Pielke’s model 

Monin Obukhov 
 

T. Ichinose, I. Uno 

RAMS[14] CSU*5 Non-hydro 
optional 

k-l two equation, 
LES optional 

Monin Obukhov 
 

M. Kanda, A. Velazques -Lozada 
C. Sarrat 

MM5[15] PSU*6  
and NCAR 

Non-hydro k-l two equation Monin Obukhov 
 

A. Kondo, H. Fan 

MC2[16,17] Environment 
Canada 

Non-hydro 0 equation Monin Obukhov E. Krayenhoff 

WRF[18] NCAR Non-hydro k-l two equation Monin Obukhov 
urban canopy 

H. Kusaka 

*1 Advanced Institute of Science and Technology *2 New Energy Development Organization  *3 Building Research Institute, Japan 
*4 Yamada Science and Art Co.   *5 Colorado State University    *6 Pennsylvania State University 
 
3.3 One dimensional urban canopy model 
There are three kinds of surface sub-layer models for the surface boundary condition of the meso-scale meteorological 
model, i.e. Surface-layer scheme, Single- layer model and Multi- layer model. Here, Single-layer model and Multi-layer 
model is called as a canopy model. However the urban canopy model is often used independently because it is very 
easy to use as described above. Sometimes the urban canopy model is coupled with building energy model in order to 
investigate interaction between urban climate and building energy use. Table 2 shows various urban canopy models.  
 
Table 2 Comparison of various urban canopy models for urban climate and heat island study  
NAME 
Developer 

Turbulence Model Building Area Density Drag Coefficient Radiation 
Calculation 

AIST –CM 
Kondo, H.[27,28] 

0 equation 
Gambo’s model[18] 

))()/(()( 22 zPBWBzBPa WW −+=  Fixed value 
Cdrag=0.4 

Kondo’s model 
[26,27] 

RAUSSSM 
Hagishima, A. [29] 

0 equation 
Gambo’s model[18] 

))/(( 22 BWBBa −+=  Maruyama [37] Radio City 

UCSS [6,7,8,9] 
Ashie, Y. 

k-ε two equation 
VuThanh Ca’s [8] 

bldra =  Fixed value Ashie’s model[6] 

Kusaka, H.[30] Simple Layer Simple Layer Simple Layer Sakakibara’s 
model [38] 

SUMM 
Kanda, M.[31,32] 

Simple Layer Simple Layer Simple Layer Kanda’s model[31] 

Martilli, A.[33] k-l two equation 
Bougeault’s et al[36] 

2)/(4 WBBa += ξ  Fixed Value 
Cdrag=0.4 

Martilli’s model[33] 

Hiraoka, H.[34] k-ε two equation ))/((2 22 BWBBa −+=  - - 
Authors [35] k-l two equation 

Mellor and Yamada[12] 
2)/(4 WBBa +=  Fixed Value 

Cdrag=0.1 
Kondo’s model[27] 

B: Building width, W: Building Interval, bldr: Building Area Ratio (Gross) 
 
3.4 Application using the urban canopy model 
Kikegawa et al [39] and Genchi [40] have evaluated the effect of heat release from air-conditioning unit of buildings in 
Tokyo area using AIST-CM. Three cases are conducted; the outside unit of air conditioning is placed at the roof of 
building (case1), or at a height of 3m from the ground (case2), heat from air conditioning system is injected into the 
ground (case3). The daily averaged temperatures at a height of 3m of case1,2 and 3 are 30.37, 30.99, 29.09 degree C, 
respectively. Thus, the treatment of  heat release from air -conditioning system is very important. Hagishima et al [41] 
have carried out variation study as to various factors which are closely related with the urban heat island such as 
building density, ground coverage condition, roof and wall surface condition of  buildings, kinds of air conditioning 
system and so on. It is clarified that the highest temperature inside the urban canopy is influenced by mainly kinds of air 
conditioning system, internal heat generation of the building and the ground coverage condition. Recently, the urban 
canopy model is sometimes coupled with the meso-scale meteorological model interactively in order to estimate the 
relationship between human activity and meso-scale climate. For example, please see the references [28 ,35 , 42, 43]. 
 
4 MICRO CLIMATE MODEL 
 
CFD has been developed with the recent development of computational technology. Although the prediction accuracy of 
LES (Large Eddy Simulation) is better than that of RANS (Reynolds Averaged Navier Stokes) model such as the k-ε 
model as reported by Murakami et al [44], RANS model is still generally used because of  its’ easiness to deal with and 
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low computational load. Yoshida et al [45] proposed the prediction method for micro climate in the city blocks, which is a 
coupled simulation of CFD, radiation and conduction calculations. Human thermal sensation index, SET*(a new 
standard effective temperature) [46] is also predicted in this method. The prediction accuracy of this method was 
confirmed by Chen et al [47] compared with the field measurement. Mochida et al [48] have estimated the effect of 
increased albedo of building surface on the outdoor thermal environment. Although increased albedo of building wall 
decreases air temperature at the pedestrian level, SET* increases at the same level because of the excessive reflection 
radiation from the wall into a pedestrian. Thus, it is the advantage that micro climate model can estimate detailed spatial  
distribution of various quantities in human scale. Yoshida et al [49] have developed a tree plant model for three 
dimensional CFD calculations. Oguro et al [50] have simulated the flow and temperature fields in a complex building 
block area with unstructured mesh system. In this study, the cooling effect of river wind is estimated. Recently, increased 
computer performance enables huge CFD calculations for urban climate in  several km scale with relatively fine mesh 
resolution of m order. For example see the references [51, 52, 53]. Some trials, which combine a meteorological model 
and a micro climate model, have been also carried out [5, 54]. 
 
5 Discussion and Future Subjects 
As described above, various assessment tools have been proposed. These are very powerful tools to estimate the 
mechanism of urban heat island and the effect of the counter-measures. However, there are still some problems . 
Validations of the prediction accuracy of these methods are not sufficient. Thus, the application limit is  not clear in the 
present situation. Old data such as the reference [55] is still  used for the validation of meso-scale meteorological models. 
Especially the validation database of surface boundary layer is required. The results of the reference [56,57,58, 59, 60, 
61]. Benchmark tests are required in order to understand the properties of various model developed. The authors have 
compared some radiation models in the urban canopy in the reference [62]. Surface data and GIS data for boundary 
conditions of these models are also required. Finally, in order to realize better urban environment, these assessment 
tools should evolve to design tools, which include a optimization system and a decision making process. 
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Abstract 
 
In this study, velocity, temperature and humidity fields in urban area were analyzed using a new three 
dimensional plant canopy model developed by the authors. This model for the plant canopy developed in this 
study considers the following three effects: (1) drag force of the planted trees, (2) shading effects on shortwave 
and longwave radiations, (3) production of latent heat from the plant canopy. Three cases were carried out here in 
order to evaluate the relaxation effect of plants on the outdoor thermal environment. In case1, green area ratio of 
ground surface was assumed 10%, while the green area ratio of ground surface was changed to 100% in case2. 
Furthermore plant canopies were set on the ground surface of case2 in case3. By comparing the distributions of 
scalar wind velocity, ground surface temperature, MRT (Mean Radiant Temperature) and SET* (Standard 
Effective Temperature) in these three cases, effects of the plant canopy were clarified.  
 
Key words: Plant Canopy Model, CFD, Outdoor Thermal Environment, Greening 
 
 
1. INTRODUCTION  
 
In recent years, the deterioration of the outdoor thermal environment in summer has become a serious problem in 
Japan. Building designers and urban planners have often utilized tree planting in order to relax the deteriorated 
outdoor thermal environment. Tree Planting has various influences such as solar radiation shading, decrease of 
reflected heat, emission of latent heat, decrease of wind velocity and increase of humidity. Especially, the relief 
effect of tree planting on the outdoor thermal environment has attracted attention in terms of solar shading and 
latent heat evaporation. However, quantitative evaluation of these relaxation effects is not sufficient. 
For this study, the authors have developed a coupled simulation method of convection, radiation and conduction 
based on CFD (Computational Fluid Dynamics) for predicting the human comfort in the outdoor thermal 
environment [1]. It is convenient to incorporate a plant canopy model into this simulation method in order to 
design the arrangement of tree planting in the urban area. 
In this paper, the authors developed a new three dimensional plant canopy model for incorporating into the 
coupled simulation method, and investigated the effects of various types of green using this plant canopy model. 
 
2. CONCEPT OF THREE DIMENSIONAL PLANT CANOPY MODEL 
 
In general, the following three effects are considered as 
the effects of planting trees on outdoor thermal 
environment; (1) drag force of planted trees, (2) shading 
effects on solar and long-wave radiation, and (3) 
transpiration of water vapor from the plant canopy (cf. Fig. 
1). Conventionally, the models including the effects of 
planting trees were mainly developed in agricultural 
meteorology. In the models, horizontal distributions of 
physical elements are assumed to be uniform. It is 
impossible to use these plant canopy models to analysis 
urban microscale climate because spatial distributions of 
wind, temperature, radiation and humidity are highly 3-
dimensional. Hence, the plant canopy model for 3-
dimensional analysis is required. The authors propose a 
new 3-dimensional plant canopy model incorporated into 
the predicting model to outdoor thermal environment 
which is based on coupled simulation of convection, 
radiation and conduction [1, 2]. Concepts of this new plant 
canopy model are described below. Here, the occupancy 
of fluid is assumed to be 1.0, even in the mesh where tree 
exists, because the volume of trees is negligible small 
compared with the mesh volume. 

*Corresponding author’s address: Shinji Yoshida, Faculty of Engineering, University of Fukui, 3-9-1 Fukui-city, 
Fukui, Japan: y-shinji@anc.anc-d.fukui-u.ac.jp 
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2.1 Drag force of the plant canopy 
The predicting model for outdoor thermal environment developed by the authors employs the k−ε turbulence model for 
CFD analysis [1, 3, 4]. The term ( ) 2

1 2 3, ,d i jC a x x x u uη−  is added in the i component of momentum equation as drag 

force of the plant canopy. Here, Cd: drag coefficient, a(x1, x2, x3): leaf area density, and η: green coverage ratio. 
Furthermore, the terms ( ) ( )3 22

1 2 3, ,d jC a x x x uη and ( ) ( )3 22

1 2 3, ,d jC a x x x u
k
ε η 
 
 

 are added in the turbulent energy and 

the turbulent dissipation rate equations respectively in order to represent the turbulence production by the plant canopy. 
 
2.2 Shading effect of solar and longwave radiation by the plant canopy 
 
Radiative heat transport is computed using the method based on the Monte – Carlo simulation [5]. Both solar and 
longwave radiant fluxes incident to the plant canopy are decayed at the rate of ( )( ){ }1 2 31 exp , ,k a x x x′− − l , where k′ is 

absorption coefficient and l is the length by which radiant flux passes through the plant canopy. 
 
2.3 Heat balance on the leaf surface of the plant canopy 
 
Heat balance on the leaf surface of the plant canopy is considered to solve the mean leaf temperature. Here the heat 
conductivity term in the heat balance equation (1) is neglected because the heat capacity of leaf is negligible small. 

 0P DP P PS R H LE+ + + =  (1) 

 ( )P P c aP PH A T Tα= −   (2) 

 ( )P P W P aP sPLE A L f fα β= −   (3) 

where, SP: absorbed solar radiation flux on leaf surfaces 
[W], RDP: absorbed longwave radiation flux on leaf surfaces 
[W], HP: sensible heat on leaf surfaces [W], LEP: latent heat 
at leaf surfaces [W], L: latent heat of water vaporization 
(2.5×106[J/kg]), AP: the amount of leaf area in the tree 
crown [m2], (AP  is twice the product of the volume of tree 
crown and the leaf area density of tree crow.), αc: 
convective heat transfer coefficient on leaf surfaces 
[W/m2K], TP: leaf surface temperature [K], TaP: air 
temperature in the mesh including the tree crown [K], αw: 
convective moisture transfer coefficient on leaf surfaces 
[kg/(m2skPa)] (αw =7.0×10-6αc), βP: moisture availability on 
the leaf surfaces [-], faP: water vapor pressure in the mesh 
including the tree crown [kPa], fsP: saturation water vapor 
pressure on the leaf surface temperature [kPa]. HP and LEP 
are added as source terms into temperature and moisture 
transport equations respectively. 
 
3. OUTLINE OF ANALYSIS 
 
The arrangement of building models is illustrated in Fig. 2. Cubic 
shaped building models are set regularly. One unit of the block 
area is selected for simulation, and the periodic boundary 
condition is imposed. Meteorological data of Tokyo at 3:00 p.m. 
on July 23 are used to specify boundary conditions. 
Table 1 lists cases computed here. Three cases of numerical 
predictions are carried out in order to evaluate relaxation effects 
of plants on outdoor thermal environment. In case 1, the grass 
area ratio, which means the ratio of area covered with grass to 
the whole ground surface area, is assumed 10%. The ground 
surface except grass area is assumed covered with concrete in 
this case. In case 2, the grass area ratio of ground surface is 
changed to 100%. Furthermore, in case 3, plant canopies with 
crowns of 4 m diameter are set on the same ground surface of 
case 2 at regular interval of 5m. Table 2 shows the values of 
parameters concerned with plant canopy. Spatial distribution of 
SET* is calculated using the following values: clothing 
insulation, metabolic heat generation and solar reflectance of 
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Table 1 Computed cases 
 Grass area ratio of 

ground surface [%] 
Plant canopy 

case 1 10 
case 2 

without plant 
canopy 

case 3 
100 

with  plant canpopy 
 

Table 2 Parameters concerned with plant canopy 
 value 

tree height [m] 6.00 
diameter of a tree crown [m] 4.00 
the height of dead branch base [m] 2.00 
leaf area density [m2/m3] 1.00 
a drag coefficient Cd [-] 0.20 
an extinction coefficient k’ [-] 0.60 
moisture availability of plant canopy βp [-] 0.30 
albedo of plant canopy [-] 0.15 
emissivity of plant canopy [-] 0.98 
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the human body are assumed to be 0.5clo, 1.5met and 0.5 respectively [6]. 
4. RESULTS AND DISCUSSION 
 
4.1 Wind velocity distribution 
 
Fig. 3 shows horizontal distributions of wind velocity vectors at 1.5m height. The difference between the results of 
case1 (grass area ratio: 10%, without plant canopy) and case2 (grass area ratio: 100%, without plant canopy) is 
rather small. Thus the effect of increasing grass area (case1 → case2) is not so large, but there is a significant 
difference between case2 and case3 (grass area ratio: 100%, with plant canopy). The velocity value of case3 is 
fairly lower than that of case2. This reduction of wind velocity is attributed to the effect of the drag force of plant 
canopies. 

 
4.2 Ground surface temperature distribution 
 
Fig.4 illustrates the distributions of ground surface temperature. The predicted ground surface temperature 
corresponds well with the previous field measurements. Very significant differences are observed between the 
values of the sunny area and the shaded area in cases1 and 2. However, this temperature difference becomes 
smaller in case3 compared to the other cases. This is because the value for sunny area is decreased by the 

shading effect of plant canopies in case3. 
 
4.3 Air temperature distribution 
 
Fig.5 presents the horizontal distributions of air temperature at the height of 1.5m. Air temperature of case2 is lower 
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by 0.5 – 1.5°C than that of case1. The result of case3 is further lower by 2.0 
– 5.5°C than that of case2. 
4.4 SET* distribution 
Fig. 6 compares the predicted SET* at 1.5m height. In case1, the values in 
sunny areas are 32 – 44°C, and those in shaded areas are 30 - 32°C. Thus 
there exist significant differences in both areas. This tendency is also found in 
case2. However, this difference is very small in case3 because of the shading 
effect of plant canopies. 
Fig. 7(1) shows the change of SET* value by the increase in the grass area ratio 
(SET* in case2 minus SET* in case1), and the change of SET* value by 
planting trees (case3 minus case2) is given in Fig. 7(2). In these figures, grey 
zone corresponds to the negative value indicating the area where SET* 
decreases by increasing the green area and thus the thermal environment is 
improved. Fig. 7(1) shows that the SET* value decreases on almost the whole 
domain except for the small area in the recirculating region by 0.1 – 2.0°C with 
increasing grass area (case1 → case2). On the other hand, white zone, where 
SET* increase, is wider than the grey zone in Fig. 7(2). This increase of the 
white zone means that the planting of trees causes a rising discomfort in 
outdoor thermal environment. These results reflect the fact that the wind velocity 
of case3 is greatly decreased, as a density of trees in planting area is too much. 
It indicates that the effect of wind velocity on the outdoor thermal environment is 
significantly large. Thus, the suitable arrangement of planted trees is required to 
improve the pedestrian comfort in outdoor space. Furthermore another reason 
for rising SET* in case3 is also considered. In the computation of SET* in this 
study, Mitchell’s equation is used for convective heat transfer coefficient of 
human body. This equation is base on only mean wind velocity, while planted 
tree causes also turbulent increase as well as velocity decrease. Thus, a new 
convective heat transfer coefficient model of human body, which is also a 
function of turbulent intensity, is required to estimate the effect of the planted 
tree. The authors have also developed this new model in the reference [7]. 
 
5. CONCLUSIONS 
 
A new three dimensional plant canopy model for incorporating into the 
coupled simulation method was developed by the authors. Using this method, 
computations of three cases were carried out, in order to evaluate the 
relaxation effects of plant canopies on outdoor thermal environment. 
In the results of this study, the increasing grass area ratio improves thermal 
environment during the summer season, but the excessive density of planting 
trees makes the thermal environment worse, because of reduction of wind 
velocity due to the effect of drag force of the plant canopies. 
These results indicate that the planting of trees does not always improve 
outdoor thermal environment during summer season and rather may cause a 
rising discomfort in outdoor space if design of planting is not appropriate. A 
further direction of this study will be to clarify the suitable density of plant 
canopies and the effect of various types of street trees on outdoor thermal 
environment. 
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FUNDAMENTAL STUDY ON THERMAL COMFORT INDEX IN OUTDOOR SPACE 
BASED ON HUMAN THERMAL LOAD 

Atsumasa Yoshida and Masahiro Sugioka 
Osaka Prefecture University, Sakai, Japan 

 
 
Abstract 
 
Some subjects were made to stay in open space and urban space, and the weather and physiology factors were 
measured. Based on the heat balance, the thermal load of human body is computed from the mean skin 
temperature and the surrounding environmental factors such as air temperature, solar radiation and wind speed. 
The correlation between the measured thermal sensation of all subjects and the thermal load is high in 
comparison with the previous index. Moreover, in respect of the cost and the labor, instead of the subject 
experiment over a long time, the regulation-of-body-temperature mathematical model was used, the physiology 
reaction of a human body was predicted only from the weather elements, and transition of a feeling of thermal 
comfort was predicted. 
 
Key words: urban space, thermal comfort index, thermal environment, thermal load 
 
 
1. INTRODUCTION  
 
Aggravation of the thermal environment in urban area in recent years may cause a heat disorder, and it not only 
gives displeasure to a person who stays there, but becomes a big problem socially. The improvement of indoor 
thermal environment can be expected by introducing air conditioning system. However, in the outdoors, it needs 
to evaluate the thermal environment beforehand, because it is not easy to alter the surface coverage materials, 
and to change the shape of existing buildings or the arrangement. 
 
Although PMV and SET* etc. are widely used as an evaluation index for indoor thermal environment, the present 
condition is that the comfortable index for the outdoors is not established from the view point of the effects of 
radiation transfer, especially solar radiation, and the time dependent of weather condition. 
 
There is a report of Kanda and Tsuchiya (1995) based on the heat balance of human body in the outdoors. 
Although they have proposed the virtual thermal loads based on the constant skin temperatures, the assumption 
and an actual state have a difference. Moreover, Kinouchi (2001) has conducted a large-scale experiment in the 
whole Japan, and calculated the amount of thermal loads from the core temperature inside the body and the ratio 
of wet surface area. However, the time variation of weather is not taken into consideration for short-time 
exposure. 
 
In the present study, subject experiments are conducted and analysis adapted to the experimental results is 
performed. It aims at proposing the thermal comfort index based on heat balance of human body applicable to 
outdoor environment in consideration of solar radiation. Therefore, the thermal comfort in the outdoors will be 
evaluated more accurately compared with the existing indices. 
 
2. OUTLINE OF EXPERIMENT 
 
In order to grasp the physiological reaction and mental action of human body in the outdoors, the subject 
experiment was conducted in Sakai and Osaka. Open or urban spaces were selected as an experimental place. 
As for the summer, asphalt parking and road in Osaka City, and as for the autumn and winter, green park in Sakai 
City and grass or bare field in Osaka Prefecture University, respectively. Subjects were the boy students of 
healthy twenties. The number of subjects were 4-6 per an experimental series. Sensors were installed in 15 
minutes before the measurement start. The measurements were performed for 30 minutes. 
 
The surrounding weather factors and the physiological amounts of human body were measured. The horizontal 
solar irradiation, the reflected solar radiation from the ground, the infrared radiation from the atmosphere and 
ground, the air temperature, the air velocity, the humidity and the ground temperature measured for every minute. 
The amount of blood flows were measured every 0.1 seconds. The number of cardiac beats was measured every 
5 seconds. The mental reactions of thermal sensation and comfort were made to notify every 5 minutes as a fixed 
report using the consultation linear measure which had the vertical line filled between cold and hot conditions and 
between comfort and discomfort 
 
3. EXPERIMENTAL RESULTS AND DISCUSSION 
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The relation between the thermal comfort and thermal sensation vote is shown in Fig.2. In thermal sensation vote, 
the numerical values from -3 (cold) to +3 (hot) which was been proposed from ASHRAE are taken and, in the 
neutrality which is not hot nor cold, the number is 0. In thermal comfort vote, the numerical values –2 (discomfort) 
to +2 (comfort) are taken by converting the linear measure. Figure 2 shows there are many votes of comfortable 
side in autumn and of discomfortable side in summer when the value of thermal sensation vote is +1.It is thought 
that it is difficult to forecast comfortable feeling directly from the meteorological element etc. because the relation 
between thermal sensation and comfort depends on season. Then, it is thought that it is necessary to forecast the 
thermal sensation first of all, and to forecast the comfort sensation by the expression corresponding to the season 
afterwards. 
 
The amount of physiology also needs to be included in the thermal sensation index which aims at application on 
the outdoors in the suitable form as well as the weather parameter peculiar to the outdoors, such as solar 
radiation and wind velocity. Then, in the present study, the amount of thermal load to a human body is proposed 
as a thermal sensation index. It is objective and actually by the basis of the energy balance formula about the 
human body incorporating the amount of physiology. This amount of thermal load is calculated from Eq.(1) as a 
remaining quantity Fload of each energy balance item. 

 
Fload = M + Rnet – E – C                                                                   (1) 

 
(a) Metabolism, M 
Since the quiet state was maintained in the standing position, the amount of metabolism M presupposed that it is 
fixed at 80 W/m2. 
 
(b) Net radiation, Rnet 
The amount of net radiation Rnet was computed to the imitationized human body model in the rectangular 
parallelepiped (0.4m × 0.2m × 1.2m). Radiation from human body is calculated from the human mean skin 
temperature. 

 
Rnet  =  (1-αh ) Rsh +Rln-εhσ(Tskin

4+273.15)                                            (2) 
 

Rsh =(AtS↓+AbtS↑+Af(ST cosz+γSD)    +γSD(Al+Ar+Abk))/A       (3) 
 

Rln =εh   (At L↓+Abt L↑+γ ( Af+ Abk+ Al +Ar)  ×(L↓+L↑)) / A           (4) 
 

where Ai  means surface area of the rectangular parallelepiped [m2], and the suffix i represents the surface 
direction, that is top, bottom, forward, back, left and right, respectively. S↓ means solar radiation from sky [W/m2], 
S↑ means reflected solar radiation from the ground [W/m2], L↓ means infrared radiation from the sky [W/m2], L↑ 
means infrared radiation from the ground [W/m2], ST  means direct solar radiation [W/m2] and SD means diffused 
solar radiation [W/m2]. Z means solar angle [rad], αh  means albedo of human body [N.D.] (=0.3), and εh  means 
emissivity of human body [N.D.] (=0.98), respectively. Tskin  means skin temperature,σ means Stefan-Boltzmann 
constant [W/m2

�], A means total surface area andγ means configuration factor. 
 
(c) Latent heat loss, E 

The amount of latent heat loss E from a human body was computed as the sum of perspiration evaporation heat 
Esk, insensible perspiration heat Ediff, and respiratory evaporation heat Eres. Perspiration evaporation heat was 
presumed from the threshold value in the difference of core temperature and average skin temperature (Tanabe et 
al.,2001).  
 

E = Esk + Ediff + Eres                                                                                                     (5) 
 

Esk =( 371.2( Tcr－Tcr,set )+33.6( Tskin－Tskin,set ))×2.0 ( Tskin-Tskin,set) / 10.0 )  (6) 
 

Ediff = 0.06 Emax                                                                  (7) 
 

Eres = 0.026M(qres － qair )                                                        (8) 
 

Emax =16.5hc Fpcl(Pskin
*
 － Pair )                                                       (9) 

 
where Tcr  means core temperature [�], Ti,set  means threshold value [�], qair  means specific humidity of air [g/g], 
qres means specific humidity of respiratory [g/g], hc means convective heat transfer coefficient of human body 
[W/m2K], Fpcl means moisuture permeation efficiency of clothes [N.D.], Pskin

* means saturation vapour pressure at 
mean skin temperature [kPa], Pair  means vapour pressure at air temperature [kPa], respectively. 
 
(d) Sensible heat loss, C 
The amount of sensible heat losses was computed as the sum of loss from skin, Cskin and by expiration, Cres. 
 

C = Cskin+ Cres                                                                               (10) 
 

Cskin =Fcl hc(Tskin － Tair )                                                           (11) 
 

1-1 Gakuen-cho, Sakai, Osaka 599-8531, Japan 
ayoshida@me.osakafu-u.ac.jp 
Department of Mechanical Engineering, Osaka Prefecture University 
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Cres= 0.0016M (Tskin － Tair )                                                    (12) 
 

Fcl=1/(1+0.209(hc+hr)Iclo )                                                     (13) 
 
where Fcl means thermal efficiency factor of clothes [N.D.], Tair  means air temperature [�] and Iclo means clothing 
unit [clo], respectively. 
 
The relation between the amount of thermal load Fload and thermal sensation vote obtained from subject 
experiment data is shown in Fig.2. It is theoretically thought for the amount of thermal load to be 0 [W/m2] in the 
neutral thermal condition. The obtained results show the neutral thermal condition on the plus side of thermal load. 
It is thought that the change of psychology becomes gradual a little to the extent that the change of physiology 
appears delaying when the meteorological element is greatly changed. However, it can be said to forecast roughly 
the thermal sensation in outdoor according to the amount of the thermal load independent of season, because the 
correlation is comparatively good. The straight line relation between the thermal sensation vote (T.S.V) and the 
thermal load (T.L.) is expressed by Eq. (14). 
 

T.S.V = 0.010 Fload－ 0.257                                                   (14) 
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Fig.1 Correlation of thermal comfort and                  Fig.2 Correlation of thermal load and 

thermal sensation                                                      thermal sensation 
 
4. NUMERICAL SIMULATION OF HUMAN BODY 
 
The physiology reaction of the human body is predicted by using a numeric model, and the thermal sensation and 
the comfort sansation in outdoor environment are evaluated from the obtained results in the above. The amount 
of the human physiology under a certtain environment is simulated by a human body temperature adjustment 
model that tha body is divided into 65 (hereafter, 65MN model) proposed by Tanabe et al. (2001). The amount of 
psychology state is estimated as a result. In the present study, the improvement of the 65MN model was added 
so that a part of model may be corrected, and the thermal environment in outdoor of no uniformity and the 
unstationary state was also applicable. 
 
For the model used, the human body is divided into 16 parts (head, cheat, back, pelvis, left shoulder, right 
shoulder, left arm, right arm, left hand, right hand, left thigh, right thigh, left leg, right leg, left foot, and right foot). 
In addition, each part is a column that consists of four layers (core, muscle, fat and skin). It is assumed to consist 
of the node of 16×4+1=65 in total by thinking about central blood core. Four layers in the same part exchange 
heat by conduction, and the heat exchange with the outside environment is done by convection, radiation, and 
evaporation through the skin layer. The energy balance equation in i part and jth layer is shown as follows. 

jijijijijiji
ji

ji ERESQtDBQ
dt

dT
C ,,,,,,

,
, −−−−−=                                 (15) 

∑∑
= =

=
16

1

4

1
,

i j
ji

pool
pool B

dt

dT
C                                                                (16) 

where the suffix pool means the central blood core, C means heat capacity, T means temperature, Q means 
amount of metabolism, B means heat echange flux with the central blood core, D means conductive exchange 
flux with adjacent layer, Qt means sensible exchange flux in skin layer, RES means heat loss by breath and E 
means heat loss by evaporation from the skin layer, respectively. The undifined term according to the node is 
assumed to be zero. It is necessary to evaluate the mean radiant temperature under the condition of solar 
irradiation when the sensible exchange flux Qt is calculated by Eq. (14). Then, the solar radiation was divided into 
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the direct component and diffuse component, and the effective radiant area ratio proposed by Miyamoto et al. 
(2001) was introduced in consideration of the real state of clothes. 
The validity of the computing model was verified by comparing the thermal load in the result of the subject 
experiment in outdoor into which the meteorological element such as air temperature and solar radiationl was 
changed timewise. Figure 3 shows the thermal load with time for the outdoor subject experiment and the 
calculation result in a paking lot in summer. It can be said that the experiment result can be reproduced well by 
the caluculation result. 
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Fig. 3 Time variation of thermal load obtained from  

subject experiment and numerical calculation 
 
Figures 4 and 5 show the daily variation of the surface temperature and the thermal load when highly reflected 
paints are coated on the asphalt side. When the white paint is coated, the reflected solar radiation from the 
ground is very large. The thermal load at noon becomes about 250W/m2 though the infrared radiation decreases 
due to a great decrease in the surface temperature, and there is a difference of 50W/m2 compared with bare 
asphalt. When the thermal sensation is changed from 1.6 to 2.2, the thermal environment deteriorates as the 
numerical value of 0.6. It is predicted that the ratio of dissatisfied persons who stay there becomes 90% from 74% 
by the logistic analysis. 
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   Fig. 4 Daily variation of surface temperature             Fig. 5 Daily variation of thermal load 

 of painted asphalt                                                      on painted ashalt 
 

6. CONCLUSIONS 
 
In the present study, in order to propose the index which predicts the thermal comfort of the human body in the 
outdoors, the subject experiment was conducted in open and urban space. As a result, a thermal sensation can 
be predicted in the amount of thermal loads for the human body. 
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Abstract 
 
This is a summary of an extensive research project on natural ventilation and thermal comfort in courtyard 
buildings in the Historical Centre of Havana. Based on a morphological study, a field work and a comfort survey 
(reported in previous papers), Computational Fluid Dynamics (CFD) simulations, thermal simulations and a 
comfort analysis are performed in theoretical generic courtyard buildings inserted in the compact urban 
morphology of Old Havana. The results of this study can be useful in order to promote the design of comfortable 
low-energy residential buildings in Old Havana in particular and in other compact cities in tropical-humid regions 
in general.  
 
Keywords: Courtyard building; Thermal comfort; Natural ventilation; Warm humid climate; Computational Fluid 
Dynamics (CFD); Building Energy Simulation (BES). 
 
1. INTRODUCTION 
  
The Historical Centre of Old Havana in Cuba, which was declared “World Cultural Heritage” by UNESCO in 1982, 
comprises 242 building blocks in which the courtyard building is the most common type. Cuba, and Havana in 
particular, are located close to the Tropic of Cancer. The climatic conditions are less extreme than in Continental 
Tropical regions thanks to the sea breezes, but nevertheless, as in other regions with Marine-Island Tropical 
climate, there is a combination of relatively high values of air temperature with high values of relative humidity that 
produce uncomfortable conditions during long periods of the year. The urban morphology of the Historical Centre 
is very compact which has a negative impact on the potential for natural ventilation. There is a large number of 
vacant plots, therefore new residential buildings are going to be erected on the existing vacant plots as part of the 
recovery program of this urban site; but, because of the high density of the building blocks, the courtyards are 
often the only source of natural ventilation for dwellings. To avoid or at least limit thermal comfort problems, the 
design of the new dwellings should be directed towards providing better natural ventilation. The hypothesis of this 
study is that the geometry and shape of courtyard buildings inserted in compact urban environments is an 
essential element for the potential for natural ventilation and thermal comfort.  
Up to now, only few numerical studies [1,2] were made that focused on the thermal conditions in courtyard 
buildings in warm and humid regions. Most of the existing studies focused on buildings in hot and dry climates [3]. 
In this paper, numerical simulation of the airflow in different types of courtyards and courtyard buildings in the 
compact morphology of the Historical Centre of Old Havana is performed with Computational Fluid Dynamics 
(CFD). The CFD results are subsequently used as input for thermal simulations with Building Energy Simulation 
(BES) software and for thermal comfort analyses to evaluate the influence of building and courtyard shape on the 
resulting thermal comfort. The analysis is performed for a number of theoretical (generic) courtyard buildings in 
different situations and with different orientations based on a careful selection of plot types.  
 
2. CFD SIMULATIONS OF THE AIRFLOW IN COURTYARD BUILDIN GS 
 
2.1. CFD and model validation 
 
CFD simulations were conducted for different types of theoretical courtyard buildings. Model validation was 
performed for a simple configuration, and the confidence that can be obtained from a comparison with published 
wind-tunnel experiments [4] is used to justify the application of the same model for the more complex simulations. 
The detailed validation exercise is described in another paper [5]. The main results of the CFD validation show 
that the CFD simulations agree well with the experiment for cavity ratio (width / height) W/H=1.0. Nevertheless, 
the CFD simulation under-predicts the air speed close to the cavity walls. For the other cavities with ratios 
W/H=2.0, 0.7, 0.5 and 0.3, although the main vortex structure is quite accurately predicted, the secondary 
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recirculation areas that appeared in the wind-tunnel experiments are not clearly reproduced, at least not with an 
unstructured grid. Nevertheless, a very good prediction of the general flow pattern was found in each case. Based 
on these validation studies, the numerical model (RANS equations and realizable k-ε model) was considered 
suitable for the analysis of the flow conditions in the more complex situation of the courtyard buildings. 
 
2.2. CFD simulations in different courtyard buildin gs 
 
Based on the model validation, more complex 3D simulations were performed to predict the airflow distribution 
and indoor air speed in rooms facing different courtyard geometries. The incident flow conditions are 
characterised by a logarithmic velocity profile with a reference wind speed at 10 m height above roof level of U10 = 
10 m/s, with an aerodynamic roughness length y0 = 0.1 m and a friction velocity u* = 0.91 m/s. To limit problems 
of horizontal inhomogeneity, i.e. the occurrence of unintended streamwise gradients in the upstream part of the 
computational domain, a very short upstream length (5 m) of the computational domain was used as 
recommended by Blocken et al. [6]. It is important to note that the simulations are isothermal, thus only the wind 
as a driving force is taken into account. The comparison is established between rooms facing one or two 
courtyards with different geometries. Figure 1 illustrates a picture of a typical narrow courtyard and basic 
representations of the rooms and courtyard configurations. The rooms are 3 m wide and have variable height: 
ground floor: 3.3 m, middle floor: 2.6 m, and top floor: 2.4 m. The dimensions of the courtyards are 9 m height by 
3 m width (ratio W/H=0.33), 9m by 6m (W/H=0.66) and 9 m by 9 m (W/H=1.0). These geometries are common in 
actual courtyard buildings in Havana which have shared (parting) walls with buildings on adjacent plots (and thus 
without openings). The depth of the courtyard is 3.5 m. Rooms facing the courtyard with open windows are 
analysed in terms of average indoor air speed which is obtained from 9 lines up to the height of 2 m inside each 
room. Indoor air speed is needed for comfort calculations.  
 

 
Figure 1: (a) Typical narrow courtyard in Old Havana, (b) vertical section of a basic courtyard-room configuration, 
(c) 3D images of the computational mesh for the cases with a single courtyard and two consecutive courtyards. 
 
2.3 Results of CFD simulations 
 
Figure 2 illustrates the contours of air speed and the vectors of the airflow for the different cases. Rooms facing a 
single courtyard and having single-sided natural ventilation had very low indoor air speeds (less than 0.1 m/s for 
Havana summer conditions). Rooms located on the downstream of the courtyard (right side considering the wind 
coming from the left) have in general, higher air speed values (average 1.5 times) than the rooms located on the 
upstream (left) side. 

 
Figure 2: Contours of air speed and the vectors of the airflow for single and two-courtyard cases.  
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The existence of more than one courtyard provides better ventilation for the central cross-ventilated rooms (3.35 
times higher for W/H=0.33 and 3.80 times higher for W/H=0.66). Nevertheless, this improvement is quite different 
between the three floors and almost insignificant for the remaining rooms with single-sided ventilation.  
The aspect ratio of the courtyard influences the indoor air speed values, with the exception of the air speed inside 
the upstream rooms. A single courtyard with W/H=0.66 provides for all rooms an average of 1.3 times higher 
indoor air speed than a courtyard with W/H=0.33. There is no increase for wider courtyards than W/H=0.66. Two 
consecutive wider courtyards (W/H=0.66) provides an average of 1.6 times higher indoor air speed than when two 
consecutive courtyards have W/H=0.33 for the central cross-ventilated rooms. Courtyards with aspect ratios 
0.66<W/H<1.0 ensure better distribution of airflow among different room positions than courtyard with W/H=0.33. 
 
3. THERMAL SIMULATIONS AND COMFORT ANALYSIS 
 
In the next section the results of the simulation of thermal and comfort conditions inside the proposed buildings 
are explained. The Building Energy Simulation (BES) program EnergyPlus [7] incorporates air exchange inside 
buildings and with the outdoor environment in a simplified approach thanks to the coupling with ‘Comis’ [8] but 
pressure coefficients (Cp) are required as input. Moreover, indoor air speed values are required for the thermal 
comfort assessment. Thus, a combination of CFD airflow calculations with these energy simulations is necessary 
for a complete evaluation of thermal comfort inside buildings.  
 
3.1 Building layouts and input parameters 
 
The weather data in a form of Test Reference Year (TRF) was taken from the EnergyPlus webpage 
corresponding to ‘Casablanca’ meteorological Station which is located 1 km from the Historical Centre of Havana 
on the other side of the harbour. The period of the simulation, from the 16th to the 26th of July, was selected 
coinciding with micro-climatic measurements [9] and a thermal sensation survey on July 2003 [10]. The extended 
PMV model proposed by Fanger and Toftum [11] for non-air-conditioned buildings in warm regions was selected 
for the thermal comfort calculation. The extended PMV model includes a gradual reduction of the metabolic rate 
(MET) when thermal conditions are warmer than the values of the comfort zone. It also considers, by adding an 
expectancy factor (e), the lower expectation people have according to the duration of the warm conditions during 
the year and the lack of air-conditioning (AC) buildings in the region or neighbouring area. In this study the e-
factor is 0.7. The application of the extended PMV model was restricted to conditions in which operative 
temperatures (To) were below 32°C. Three typical plots were selecte d in the Historical Centre of Havana. 
Potential building layouts for each typical plot were explored by using a modular grid for rooms and inner 
courtyards. The most feasible of the potential layouts were selected for analysis. From these layouts specific 
room positions with respect to the courtyard were depicted as a repetitive situation that can be found in many 
building layouts (Fig. 3). Thermal simulations were performed both on single-sided and cross-ventilated rooms 
located at ground and top floor in buildings of three floors. Horizontal dimensions of the rooms and courtyards 
were determined by modules of 3.5m width by 3m length. Vertical dimensions coincided with top and ground floor 
rooms of the CFD simulations which are 2.4 m and 3.3 m respectively. The courtyard’s horizontal dimensions 
were: 3.5 m by 3 m (3.5x3) that means a module (mod) 1x1, 3.5x6: mod 1x2, 3.5x9: mod 1x3, 7x3: mod 2x1, 7x6: 
mod 2x2, 7x9: mod 2x3, 10.5x3: mod 3x1 and 10.5x6: mod 3x2. The height in every case is equal to 9 m. 
 

       
Figure 3: Schematic representation of some cases (out of 52) with single-sided and cross ventilation rooms. 
 
3.2 Results of comfort analysis  
 
In the case of single-side ventilated rooms the best cases correspond to the rooms facing the narrowest 
courtyards (1x1 and 2x1). But in general the results are quite similar for the same floor among all cases. In every 
orientation and courtyard geometry ground floor rooms were cooler than top rooms, both during the day and night. 
This can be explained by the absence of direct solar radiation on the window and room facade. Moreover, the 
slightly higher air speed of the top floor single-sided ventilated rooms in comparison with the ground floor rooms is 
not enough to counteract the influence of the solar radiation on the roof and wall facade.  
The position of rooms between two courtyards allows having cross ventilation and hence, higher air speed. Figure 
4 shows a comparison between the best and worst cases of top-floor single-sided ventilation and a case with 
cross ventilation. Each case is analysed for two orientations. There is and improvement of the thermal conditions 
for the top-floor cross-ventilated rooms (2C-3x2 = two courtyards of 3x2 modules) in comparison with the top-floor 
single-side ventilated rooms. The case ‘2C-3x2-protected’ has an overhang of 0.8 m in contrast with the overhang 
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of 0.3 m of the other cases. As can be seen, with a larger solar protection the PMV (Fig. 4a) and the effective 
temperature (ET*) (Fig. 4b) values of the top-floor room facing two wide courtyards are even more reduced in 
comparison with the best case of single-side ventilation and are very close to the PMV values of the ground floor 
(1.0) and to the upper limit of the comfort zone for Havana summer conditions. Thus, the negative effect of solar 
radiation in wider courtyards is reduced by the higher air speed inside rooms and by the use of shading devices.  

 
Figure 4: (a) Comparison between cases with single-sided ventilation (1C-1X1, 1C-3X2) and cross ventilation 
(2C-3x2, 2C-3x2-protected), (b) Comparison of daytime (9h to 18h) and night-time (23h to 6h) ET* values for the 
best and the worst cases of rooms facing one courtyard and rooms facing two wide courtyards. The comfort 
temperature (ET*=28.1 ºC) and the upper limit of the comfort zone for Old Havana (30.6 ºC) is also indicated. 
 
4. CONCLUSIONS 
 
This study aimed to analyse the thermal response of actual and theoretical buildings with different geometries and 
courtyard dimensions in view of promoting natural ventilation and thermal comfort inside dwellings by design. 
The positive effect on thermal comfort of the air movement in warm and humid conditions is verified in this study. 
Higher air speed values provided by cross-ventilation strategies improve thermal comfort even if the exterior air 
temperature can be few degrees higher than the upper limit of the comfort zone. For rooms more protected from 
direct and indirect solar radiation higher air speed are not as crucial as for top floor rooms. Nevertheless, for both 
ground and top-floor rooms, higher air speed represents a physiological as well as a psychological improvement 
under warm and humid conditions. The results of the complete study indicate that in the context of Old Havana, 
the building and courtyard geometry should promote cross ventilation in the majority of rooms by means of (1) a 
sequence of courtyards with different sizes or (2) a combination of a courtyard with the front facade or (3) with a 
ventilation duct. For the wider courtyards an efficient and permeable (to the air) solar protection is crucial. 
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Abstract 
The aim of our investigation is to reveal quantitatively the effect of the characteristic urban structure on the 
development, magnitude and spatial distribution of the annual mean maximum urban heat island. We use various 
surface parameters to include into the statistical model. The modeling of the spatial distribution of the UHI is 
based on mobile observations in Szeged (April 2002 – March 2003). We developed our model with a multiple 
variable statistical method, applying different surface parameters. To quantify the error of the process, we 
generated the probable UHI intensity field with the created model-equation and after that we compared it with the 
independent dataset of the UHI intensity based on the earlier observations in Szeged (March 1999 – February 
2000). The structure of the estimated heat island showed clear similarities to the real conditions. The result 
affirms that our approach to estimate the annual mean maximum UHI is correct and such models can be adapted 
in other cities if the surface parameters are available.  
 
Key words:  urban heat island (UHI), urban surface parameters, representative sample area 

 
1. INTRODUCTION 

 
In settlement environments the changed surface cover has an impact on the energy and water balance of the 

area, which indirectly leads to the alteration of climate over the cities on a local scale. The generation of excess 
temperature (urban heat island, UHI or ∆T) is one of the main alterations (e.g. Oke, 1987; Kuttler, 2005). This 
excess has a fundamental influence on the comfort of the population of the city. The urban climate research 
provides important information for practical fields such as urban planning (Kuttler, 2005).  

In connection with the 3D extent of a town, one of the most characteristic and frequently used parameters is 
the sky view factor (SVF). The value of the SVF has a major effect on the long-wave radiation balance as well as 
the rate of cooling at night, and thus on the intensity of the heat island (Oke, 1981).  

The aim of this study is to calculate the impact of the urban structure – namely the geometric structure and 
built-up ratio – mainly responsible for the annual mean magnitude and spatial distribution of the UHI using a 
selected representative sample area due to the large spatial extent of the studied city (Szeged, Hungary). In 
addition to SVF and the factors of built-up features, like built-up ratio, water surface ratio and building height 
already used to examine the UHI of Szeged (Bottyán and Unger, 2003; Unger et al., 2004), the climate alteration 
role of building compactness was examined.  

Szeged is located in the southern part of the Great Hungarian Plain. The surface is characterised by low relief. 
According to Trewartha’s classification, it belongs to the climatic type D.1 (continental climate with longer warm 
season) (Peczely 1979). Szeged provides a favourable background to urban climatology research so the results 
of systematic measurements and analysis can be applied as a basis of general conclusions. 

While the administrative area of Szeged is 281 km2, the inner city is only around 30 km2, and the densely built-
up areas are located inside a circular dike (Fig. 1). 

 

 
Fig. 1. Generalized built-up types of Szeged: (a) agricultural and open area, (b) warehouses and industrial area, 

(c) 1-2 storey detached houses, (d) 5-11 storey blockhouses and (e) city core with 3-5 storey buildings; the 
investigated area and the grid network: (f) border of the investigated area and (g) circle dike 

 
2. METHODS OF FIELD WORK AND GEOINFORMATICAL MEASUREMENTS 
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2.1. Study area and temperature data 

 
Research was mainly concentrated on the inner parts of the town. In order to systematise the data collected, 

the study area was divided into 500x500 m gridcells (Fig. 1). The study area consists of 103 cells, covering the 
areas of the downtown as well as suburbs. The 4 remaining cells extended towards the west were applied as a 
reference area to which temperature data could be compared. 

Data necessary for the analysis of the maximum UHI intensity were collected with the help of measurement 
cars following given routes, in periods between March 1999 and February 2000 as well as between April 2002 
and March 2003. From these observations a representative amount of sample data was provided to study the 
development of the UHI. The measurements covered all weather conditions except for rain. On the basis of 
previous studies, data collection was carried out in such a way that the observations took place around the 
expected maximum development of the UHI, 4 h after sunset; the value is based not only on other research (e.g. 
Oke 1981), but also on earlier measurements in Szeged (Boruzs and Nagy, 1999). After averaging the 
measurement values by grid cells, time adjustments to the reference time were applied assuming linear air 
temperature change with time.  

 
2.2. Urban surface parameters: built-up ratio, wate r surface, sky view factor, compactness 

 
The determination of the built-up ratio (covered surfaces: streets, roofs, parking lots, etc.) was based on the 

analysis of SPOT XS satellite images from the summer of 1992. The resolution of the images is 20 m, which 
makes it possible to take into account the small-scale areal characteristics of the town. The basis of analysis was 
the calculation of the Normalised Difference Vegetation Index (NDVI) by geoinformatical systems based upon 
both raster and vector data. Using this index, it was possible to determine the ratios of the built-up surfaces (B) 
and water surfaces (W) belonging to the cells (e.g. Unger et al., 2000). 

Numerous solutions are known for the calculation of the SVF, we determined the approximate values of the 
SVF using a theodolite. We measured the angles of elevation at each 100 m along the measurement route 
referring to the highest points of the buildings located on both sides of streets (Bottyán and Unger, 2003). 

In order to quantify the effect of urban structure on the development of the mean urban heat island we 
determined a new surface parameter: compactness. Therefore, in order to find connection between the surface 
geometry and the UHI, this parameter has to fulfil the following requirements:   

– It should describe the surface of buildings from the viewpoint of their heat emission and absorption capacity 
towards the ambient air. 

– It should provide information not only along the measurement route, but also for the whole research area; 
thus, not only a single portion but the entire urban surface is described. 

– It should include the volume (or weight) and thus, also must describe heat storage values of buildings. 
Ezen szempontok alapján az új paraméter, a kompaktság (C), ami az épület felületének (amelybe az alapot nem vettük 

bele) és a vele azonos térfogatú kocka felületének a hányadosa. Ezt kétféleképpen használtuk fel: az átlagos kompaktsági (Cm) 
mutató a kompaktság cellánkénti átlagát adja meg, míg a súlyozott térbeli kompaktsági mutatónál (Cv) a C értékek az épületek 
térfogatával vannak súlyozva, és cellánként kumulálva. 

The compactness characterises the volume and structure of buildings in 3 dimensions, and is of primary 
importance from a thermodynamic point of view. 

 
2.3. Geoinformatical methods and application 
 
The compactness of approximately 11,000 buildings located on one third of the city was determined by 
geoinformatical analysis. By this method the analysis, measurement and presentation are all possible. Raster 
basis was the aerial photographs of Szeged, the vector basis was the ground plans. The 3D measurements were 
taken in the ERDAS IMAGINE, its database was processed in ArcView GIS. 
 
3. MATHEMATICAL METHODS 
 
3.1. Selection of the representative sample area 

 
The broader aim of the research was to determine the geometrical-morphometrical parameters coming from 

and therefore describing the whole area, and to study their impact on the UHI. The geometric survey of the whole 
town would take enormous effort and time due to the great number of buildings. Therefore, we limited our 
sampling to one third of the research area, which contains 35 cells. 
 
3.2. Stepwise multiple linear regression model 

 
Our purpose here is to determine the connection between static parameters describing the town and the mean 

maximum heat island intensity (∆T). Based on previous studies (Bottyán & Unger 2003, Bottyán et al. 2003) we 
also applied the linear-based approach. 
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We presumed that all 5 parameters (B, W, SVF, Cm, Cv) have significant impact on the spatial distribution of 
∆T. First, all factors were included in the database (as predictors). We selected the statistically acceptable 
predictors, later applied in the model, by the stepwise linear regression method. In the process we applied the 
SPSS for Windows 9 software.  
 
4. RESULTS 
 
4.1. Evaluation of the representativity of the sampl e area 

 
As expected from the applied selection methods, when comparing the structure of the ∆T constructed from 

data of the whole area to the one constructed from 35 cells, it appears that the main characteristics of the smaller 
version are basically similar to the field based on the complete database (Fig. 5a-b). As for the map of differences 
(Fig. 5c), only small-scale alterations occurred, and in the case of three quarters of the area, this difference was 
below 0.1°C. 

 
 
Fig. 2 
 
The small values of deviation prove that the temperature fields of the sample area and the whole area of 

Szeged are similar and therefore the selection process was successful. Nevertheless, it is still important to take 
into account the afore-mentioned deviations because they present the maximum accuracy of the modelled heat 
island field. 
 
4.2. Analysis of connections between some urban par ameters and the UHI 

 
Our hypothesis, namely that Cv parameter is an essential factor in the heat-island development and therefore 

there is strong stochastic connection between them, was proved by the previously-done correlation examination. 
It can be stated that with the increase of the Cv values the urban-rural temperature difference undoubtedly grows. 

Based on our calculations, the closest relationship can be detected between the parameters B and ∆T (see 
e.g. Bottyán and Unger, 2003). The connection between the SVF and the ∆T is statistically significant, though 
lower in comparsion with other similar research (e.g. Oke 1981). This can be explained by the conditions of these 
investigations which were carried out under ‘ideal’ weather conditions. The coefficient of determination belonging 
to the Cv parameter is close to the value of the built-up ratio. On the basis of these preliminary results we can 
conclude that in the case of investigation of the annual mean UHI intensity structure, the Cv parameter carries 
significantly more information in the explanation of ∆T pattern than does, for example, SVF. 
 
4.3. Results of the stepwise multiple linear regres sion 

 
With the application of multiple linear regressions, 3 (B, Cv, W) from of the 5 original predictors were 

statistically acceptable for the estimation of the UHI intensity. The importance of these 3 parameters in the 
development of temperature excess was almost 80%. The application of the fourth and fifth parameters (SVF, Cm) 
does not provide more information to the model in practice, and thus, they can be excluded from the model.  

Afterwards, on the basis of the sample data, estimation is given for the value of regression model coefficients. 
This is important because in the case of known coefficients, a model-equation can be constructed as follows: 

∆T = 1.332 ⋅⋅⋅⋅ 10–2 ⋅⋅⋅⋅ B + 1.045 ⋅⋅⋅⋅ 10–7 ⋅⋅⋅⋅ Cv + 1.082 ⋅⋅⋅⋅ 10–2 ⋅⋅⋅⋅ W + 0.809 
With the application of this equation, it is possible to provide the estimated value of any of the 35 cells. In this 

statistical model, special attention must be paid to the problem of extensibility, namely that the model can be 
applied only with parameters between the minimum and maximum values. Applying the model to another town, it 
has to be considered if the used predictors are within the adequate intervals.  

With the help of the Kriging interpolation method (linear variogramm-model application), the calculated ∆T 
values provided a basis for the spatial extension of the B, Cv, W values. Using this extension, it is possible to 
determine the spatial distribution of the UHI intensity and thus, the whole mean heat island can be explored, 
practically without any temperature measurements. Naturally, it is useful to test the model and thus, to compare 
the ∆T field calculated by the model-equation to an independent database collected in another period. 
 
4.4. Results of spatial extension and model-verific ation 

 
We studied the accuracy of the heat island field estimated by the model-equation in a number of steps. The 

temperature measurements, which took place between March 1999 and February 2000, were taken as 
independent reference data referring to the calculated heat island intensity values of the city. 

The first step was to calculate the difference between ∆T values estimated by the model-equation and real 
intensity data interpolated from the values of the 35-cell sample area. On the basis of these differences we can 
conclude that the model a bit overestimates real values: the mean deviation is 0.22°C. The absolute de viation, 
which is less than 0.1°C, extends to more than one- third of the whole study area. 
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Afterwards we calculated differences between the ∆T values estimated by the model-equation and the real 
intensity values of the entire study area of 103 cells. On the basis of these differences, the mean error of the 
model and the extension was 0.24°C, which is not mu ch more than the error of the model in itself. The most of the 
errors likely attributable to the selection procedure for the cells of the sample area.  
 
6. CONCLUSIONS 

 
Our aim was to create a model in order to estimate the intensity and spatial distribution of the mean maximum 

heat island with the help of urban-surface parameters as well as mathematical-statistical methods. In the course 
of this work we applied some new parameters that describe urban geometry in 3 dimensions. Of these 
parameters, the application of weighted volumetric compactness as a predictor appeared to be successful in the 
model. 

In the course of our measurements it was possible to quantify the spatial data of 11,000 buildings with great 
accuracy and thus, a more complex analysis of the connection between urban geometry and the heat island was 
gained. The volumetric compactness, similarly to the predictors describing the urban surface, strongly correlates 
with the average (‘all weather’) UHI intensity; in addition, it became clear that in this case it provided an even 
stronger connection than the SVF parameter. 

With the application of the stepwise multiple linear regression model we could determine coefficients showing 
in what extent each parameter takes part in the creation of the annual mean UHI intensity. Using this model-
equation, the absolute deviations of the generated heat island (calculated for an independent 1 yr period)  
remained under 0.5°C almost in the entire investiga ted area of the town, which is an appropriate result. The 
structure of the calculated heat island in its characteristic features also showed clear similarities to the real 
conditions. 

In this study, one segment of the current results in the urban climatology research of Szeged is discussed in 
detail. The next step in our project is to finish the 3D urban geometry survey, which helps us provide a more exact 
model of the UHI. Moreover, in the model it becomes possible to take the effects of the neighbouring cells into 
consideration. Our further aim is to extend the model towards other towns with favourable conditions to urban 
climate research. 
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Abstract 
 
Using a mesoscale model involving urban canopy physics, this work examines how four thermal and geometric 
factors, i.e., anthropogenic heat (AH), heat capacity (HC), thermal conductivity (TC), and the sky view factor 
(SVF), modify the rate of near-surface air temperature change in an urban area.  
 AH and TC are major agents which modify the rate of urban air temperature change in the evening. In 
particular, the effect of AH, which follows human activity, is large at around 18:00. The effects of HC, TC, and 
SVF are, on the other hand, large in the morning and afternoon. Since the effects of four factors appear at 
different times strictly, the thermal inertia used as a parameter in the urban climate studies should be divided into 
two, i.e., HC and TC.   
 
Key words: urban heat island, anthropogenic heat, mesoscale model 
 
 
1. INTRODUCTION  
 
Urban and suburban areas have different climates. The urban climate is known as a heat island, and, combined 
with global warming, it has become a problem for urban residents. Major factors thought to contribute to this 
phenomenon are anthropologic heat (AH), the thermal inertia of artificial materials in buildings or roads, and 
modification of the sky view factor (SVF) by buildings (e.g., Yoshino 1975, Oke 1987). Thermal inertia is usually 
defined by the square root of the product of heat capacity (HC) and thermal conductivity (TC); therefore, AH, HC, 
and TC may be considered thermal factors, while SVF is the geometric factor for the formation of an urban heat 
island.  
 Many researchers have studied the mechanisms that form urban heat islands (cf. Oke 1982). Using a 
miniature urban canopy made of plywood, Oke (1981) pointed out that SVF is a significant factor for the rate of air 
temperature change in the evening. Through field observations, Sugawara et al. (2001) evaluated the thermal 
properties of an urban area, whereas through theoretical work, Kobayashi and Takamura (1994) evaluated the 
impact of SVF on upward longwave radiation from an urban surface. Consisting of surface thermal and radiative 
properties and the geometry of urban canyons, Johnson et al. (1991) tried to reproduce the peculiar rate of the 
surface air temperature change in an urban area. Their reproduction was generally consistent with observations; 
however, some significant differences were detected, particularly in the evening. As the reasons, they inferred 
that the effects of AH and local circulation that were not included in their estimation might be important. Using a 
mesoscale model in the Tokyo metropolitan area, with no urban canopy but with AH input, Kimura and Takahashi 
(1991) and Ichinose et al. (1999) identified how AH is essential for the rate of urban air temperature change in the 
evening.  
 In order to re-evaluate the effects of any factors in local circulation, some researchers have developed 
mesoscale models involving urban canopy physics (Atkinson 2002, Martilli et al. 2002, Kusaka and Kimura 
2004a). Usage of such a mesoscale model allows us the more rigorous confirmation of respective thermal and 
geometric effects on the formation of urban heat islands with atmospheric circulation. In the current study, the 
mesoscale model developed by Kusaka and Kimura (2004a) is used to conduct idealized numerical experiments 
to identify the effect of each thermal factor, AH, HC, and TC, and of the geometric factor, SVF. In particular, the 
effects of HC and TC, which have been treated as a parameter called thermal inertia, are examined separately. 
 The present study first defines Kumamoto as a typical medium-size city in Japan, and Kosa, a small 
satellite village, and the differences in daily air temperature variations appearing in the observations on calm, fine 
winter days are discussed. To approach how such differences appear in the real city and village, we conducted 
idealized numerical experiments using the mesoscale model. In this work, we identify the effects of AH, HC, TC, 
and SVF on the rate of surface air temperature change, in particular, the time dependence of these effects in the 
formation of an urban heat island. 
 
2. OBSERVED VARIATIONS OF SURFACE AIR TEMPERATURE  
 
2.1. Observations 
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To begin with, we chose the Kumamoto (32.81°N, 130.71°E) and Kosa (32.65°N, 130.81°E) stations of the 
Automated Meteorological Data Acquisition System (AMeDAS) in Japan as representatives of medium-size cities 
and of satellite small villages (Fig. 1). Kumamoto, located in the central western part of Kyushu Island, is the third-
largest city in Kyushu District. The population of Kumamoto is about 660,000. The observatory is on a small hill at 
the altitude of 38 m in the northern part of downtown Kumamoto. Kosa, on the other hand, is a small village at the 
altitude of 35 m, which is located ~21 km to the southeast. The population is about 12,000, or 1/55 the population 
of Kumamoto. The AMeDAS station of Kosa is at the corner of the grounds of an elementary school. There are 
two other AMeDAS stations near Kumamoto, both of which lead the similar results. To examine the variations of 
surface air temperature on calm, fine winter days, when the urban heat island typically appears, we chose six 
cases during each winter (from December to February) from 1998/99 to 2002/03 (five winters). Each case 
consists of two continuous days with calm, fine conditions. Thus, there are a total of 30 samples. 
 
2.2. Observed variations of surface air temperature 
 
Figure 2 exhibits the mean surface air temperature variations (dotted) and the rates of the temperature changes 
(solid) in Kumamoto (thick lines) and in Kosa (thin lines), respectively. From late afternoon to evening, the rate of 
temperature change in Kumamoto is more gradual than that in Kosa. In particular, the difference is large during 
the 4 hours from 15:30 to 19:30 Japan Standard Time (JST), forming the large surface air temperature difference, 
i.e., the urban heat island. The negative values of rate of temperature change are reversed at 19:30 JST, and the 
heat island is gradually weakened after this time. Thus, the temperature difference reaches a maximum of over 3 
°C by 19:30 JST and decreases to less than 1.0 °C by  6:00 JST, when the temperature is recorded as the lowest. 
It should be noted here that similar features in temperature variations are also observed in the other two AMeDAS 
stations near Kumamoto (not shown), and the features are quite similar to those of the typical urban and rural 
areas schematically drawn in the textbook of Oke (1987).  
 From 8:00 to 15:00 JST, there appears no differences in temperature between the two sites. In 
Kumamoto, the urban heat island seems to be developed from late afternoon to evening and to persist until the 
following morning with weakening. This work sheds light on the physical processes occurring when the 
temperature difference appears, i.e., from 15:00 to 8:00 the next day, JST. In particular, the processes occurring 
from 15:30 to 19:30 JST, when the temperature difference develops, are examined in detail. 
 
3. THERMAL AND GEOMETRIC CONTROLS 
 
In order to determine how the thermal and geometric factors of an urban area, i.e., AH, HC, TC, and SVF, modify 
the rate of surface air-temperature change, which forms an urban heat island, we performed numerical 
experiments with idealized conditions using a modified mesoscale model. In this section, the physical processes 
are discussed in conjunction with the differences in the times at which the effects of each factor appear. 
 
3.1 Outline of the numerical experiments 
 
The local circulation model (LCM), into which Kusaka and Kimura (2004a) embedded urban canopy physics 
(Kusaka et al. 2001), is used. To isolate the effects of factors explicitly and to exclude the complexity that may 
appear because of local circulation, we employed the two-dimensional version of zonal and vertical directions 
(hereafter referred to as the LCM2D-C). Plase refer to sister papers (Kusaka and Kimura 2004a, b, Kusaka et al. 
200a) for the detailed physical processes in LCM2D-C. In this work, the model surface is set to be grassland, and 
an artificial town with a width of 8 km is put in the center. The numerical experiments are conducted by changing 
the properties of the central part. To ensure the reality of parameters as much as possible in the LCM2D-C, we 
referred to the values observed in earlier studies (Kusaka et al. 2000, Sugawara 2001, Sugawara et al. 2001, 
Kusaka and Kimura 2004b) and those listed in textbooks (Oke 1987, Kondo 1994).  
 In Table 1, AH is estimated from the published data for gas and electricity in Kumamoto and for the 
downtown traffic density. Hourly data were recorded for electricity and traffic density. Since the data for gas were 
the total consumption over three months, i.e., December, January, and February, we assumed that the time 
variation of gas consumption was same as that of electricity. In addition, the traffic density has been measured at 
the widest and the most crowded downtown boulevard, which has six lanes, we reduced the value by 1/3 to 
represent the usual streets in Kumamoto. Summing up these three data sets, we estimated the hourly mean of 
13.0 Wm-2 and the time variation as shown in Fig. 3, which is similar to that of Tokyo estimated in Ichinose et al. 
(1999), although their hourly mean is much larger than 13.0 W m-2.  
 The design of numerical experiments are as shown in Table 1. Case 1 is for the control run, manifesting 
an idealized city where most of the area is covered by an artificial surface (80%). On the other hand, Case 2 is for 
a small village that is mostly covered by a natural surface (90%). Based on the parameter set of Case 1, the 
sensitivity experiments, i.e., Cases 3-6, are designed to isolate the effects of AH (Case 3), HC (Case 4), TC 
(Case 5), and SVF (Case 6), where each parameter is replaced with that of Case 2 (Table 1). For a numerical 
experiment, the LCM2D-C is run for 36 hours beginning at 3:00 Local Solar Time (LST) on January 1. The initial 
conditions are then set based on the data of AMeDAS and the National Center for Environmental 
Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis (Kalnay et al. 1996). 
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3.2 Modification of the rate of temperature change by four factors 
 
Figure 4 exhibits the temperature variations in the central part of a model domain (dotted) and the rates of 
temperature change (solid) in Case 1 (thick lines) and Case 2 (thin lines). In spite of the usage of the two-
dimensional LCM2D-C, the fundamental characteristics are well demonstrated in the two cases (compare Fig. 4 
with Fig. 2). In order to diagnose how the four factors, AH, HC, TC, and SVF, modify the rate of surface air-
temperature change in an urban area, we compared the outputs of Cases 3-5 (Table 1) with those of Case 1 (Fig. 
5). Since only one parameter in each of Cases 3-5 is replaced by a parameter of Case 2 (Table 1), we are able to 
diagnose the sensitivity of each factor.  
 Around 18:00 LST, the impacts of AH and TC effectively modify the rate of change, resulting in a large 
temperature difference between Cases 1 and 2, i.e., an urban heat island (Fig. 5). The negative values in Fig. 5 
when the surface air temperature is decreasing (Fig. 4) mean that the decreasing trend becomes steep, if Case 1 
is replaced by Case 3 or 5, whereas when the value is positive, the decreasing trend becomes gradual. The 
alternation in AH from negative to positive around 20:00 LST (Fig. 5) indicates that this effect enhances the 
change of slope in the temperature variation around this time (see Figs. 2 and 4; thin dotted lines). Therefore, AH 
seems to play a primary role reducing the evening rate of temperature change in an urban area.  
 The impacts of HC, TC, and SVF are equally large from 13:00 to 17:00 LST and from 6:00 to 11:00 LST. 
The negative (positive) values in the afternoon (morning) accelerate cooling (warming) during that time. On the 
other hand, the values are all negative at night, indicating that these effects make the decreasing trend steeper, 
unlike the tendency in AH. In particular, the values of HC are negatively large. In the morning, the features of AH 
are more complicated than those of the other three factors; that is, the values are negative from 6:00 to 9:00 LST 
but positive after 9:00 LST. The warming trend would be suppressed in the former half of the morning, while the 
trend would be steep in the latter one, if we removed AH. Since it is not necessary for the variation of AH to be 
synchronized with the cycle of sun angle, the complexity is probably due to the phase difference between the 
solar cycle and human activity in the morning. 
 
4. SUMMARY 
 
The rate of surface air temperature change is a good parameter to use in determining the time development of an 
urban heat island, where the time integration results in the real temperature variation. In the late afternoon and 
the evening, the rate of temperature change is gradual in urban areas, which yields a difference in the surface air 
temperatures of urban and rural areas, that is, an urban heat island (e.g., Oke 1987). Using a two-dimensional 
mesoscale model involving urban canopy physics (LCM2D-C), this work conducted numerical experiments and 
evaluated the relative effects on the rate of temperature change of the following four thermal and geometric 
factors with local circulation: anthropogenic heat (AH), heat capacity (HC), thermal conductivity (TC), and the sky 
view factor (SVF). In particular, the physical processes from the late afternoon to the morning of the next day, 
when an urban heat island explicitly appears, were examined.  
 The results of the numerical experiments reveal that the effects of AH and TC cause the differences in 
the rate of temperature change around 18:00 Local Solar Time (LST); these differences are largely responsible 
for the development of a heat island. The impacts of HC and SVF are small around this time, but, along with the 
effect of TC, they are rather effective in the late afternoon. The impacts of HC, TC, and SVF are also large in the 
morning. The smaller HC and TC, along with the larger SVF, collaboratively accelerate cooling (warming) in the 
afternoon (morning).  
 The impacts of HC and TC are definitely different around 18:00 LST, although these variations are 
similar in the morning and afternoon. In addition, the effects of HC remain during the night with negatively larger 
values than those of TC. Based on these differences, the thermal inertia should be divided into two, i.e., HC and 
TC, in the study of urban heat islands. Since human activity is not necessarily synchronized with the solar cycle, 
the impact of AH is complex particularly in the morning. From the late evening to the early morning of the next 
day, the relatively large effects of AH and HC continue to exist but with opposite polarities. Thus, the contribution 
of each factor to the urban heat island depends on the time. Further study is, however, needed to elucidate the 
impacts of each factor quantitatively. Sensitivity experiments using a more sophisticated three-dimensional model 
with realistic topography and surface parameters would be effective for city planning in the real world. 
 

Table 1 Parameter sets for numerical experiments. 
Parameters C1 C2 C3 C4 C5 C6 

Ratio of grassland [%] 20 90 20 20 20 20 

Anthropogenic heat [W m-2] 13.0 0.0 0.0 13.0 13.0 13.0 

Heat capacity [x106 J m-3 K-1] 2.0 1.0 2.0 1.0 2.0 2.0 

Thermal conductivity [W m-1 K-1] 0.8 0.4 0.8 0.8 0.4 0.8 

Sky view factor 0.45 0.9 0.45 0.45 0.45 0.9 
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Figure 1 
Kumamoto and Kosa stations of AMeDAS in Japan. 
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Figure 3 
Time variability of AH in Kumamoto on a calm, fine 
winter day. The weights have no unit, but the 1.0 
corresponds to 13.0 W m-2, the mean of the day. 
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Figure 5 
Relative importance of AH (Case 3-Case 1; closed 
circle), HC (Case 4-Case 1; triangle), TC (Case 5-
Case 1; square), and SVF (Case 6-Case 1; cross) for 
the rate of temperature change. A unit is °C  h-1. 
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Figure 2 
Observed surface air temperature (dotted) and the rate 
of change (solid). Thick (thin) lines are for the 
variations in Kumamoto (Kosa). The left ordinate is for 
the surface air temperature (°C), while the right o ne for 
the rate of change (°C h -1). The hours of sunset and 
sunrise on January 1 in Kumamoto are 17:16 and 7:24 
JST, respectively. 
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Figure 4 
Time variations of surface air temperature (dotted) and 
the rate of change (solid) in the control run with an 
idealized urban area (Case 1; thick lines), and those of 
the run representative of a small town (Case 2; thin 
lines). The hours of sunset and sunrise on January 1 
are set to be 17:51 and 6:10 LST in the model. 
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COMPARISON OF HEAT BALANCE MECHANISMS 
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BASED ON NUMERICAL ANALYSES OF MESOSCALE CLIMATE  
- Selection of appropriate countermeasures against heat island effects in each city - 
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Abstract 
The main theme of this study is to examine the regional characteristics of urban climate. Numerical analyses of 
mesoscale climates of Tokyo, Sendai and Haramachi were carried out. All these three cities are facing the Pacific 
Ocean and having different regional characteristics of urban climates. The factors which cause these different 
regional characteristics of urban climates are considered as the size of urbanized area, the building density, the 
conditions of land-use and the anthropogenic heat release etc. The influence of the regional characteristics on the 
urban climates was examined, based on the results of climatic analyses, by considering the heat balance in an 
entire urban space. In the central parts of Sendai and Haramachi, it was revealed that the effects of sea breeze 
were significant in comparison to the effects of anthropogenic heat release. On the other hand, the contribution of 
sea breeze predicted in the center of Tokyo was also noticeable, but the contribution of anthropogenic heat 
release was larger than the other two cities. 
 
Keywords: urban climate, regional characteristics, heat balance analysis, sea breeze 
 
 
1. INTRODUCTION  
Various countermeasures for reducing the urban heat island effects have been investigated in recent years to 
minimize the impact of urbanization on urban climate, e.g. urban planting, high-albedo surfacing of buildings, 
introduction of sea breeze into urban areas by matching the building arrangements with wind conditions, etc. 
These countermeasures aim to modify the heat balance mechanism in urban space to reduce air temperature. 
For instance, planting trees within densely populated areas of cities can reduce the sensible heat fluxes from 
urban surface to atmosphere and introducing sea breeze into urbanized area mitigates the incoming heat fluxes 
advected by wind. In order to take full advantages of these countermeasures, the proper choice of the measures 
should be made in accordance with the characteristics of the heat balance mechanism in each city. 
This paper describes a new method to select appropriate countermeasures for reducing heat island effects, based 
on an evaluation of heat balance in each city, using the data provided by numerical analyses of mesoscale 
climates. The present authors had proposed the ‘urban heat balance model’ to quantitatively evaluate the 
influences of various factors causing the heat island phenomenon in their previous work [1]. In this study, the 
urban heat balance model was applied to compare the heat balance mechanisms in the central parts of three 
different cities (Tokyo, Sendai, Haramachi) locating along the coastal areas of Japan. 
 
2.  OUTLINE OF NUMERICAL ANALYSES OF 

URBAN CLIMATE 
2.1. Computational domain and grid arrangements 
Numerical analyses of mesoscale climate of 
Tokyo, Sendai and Haramachi were carried out. 
As indicated in Fig.1, the locations of these three 
cities are both on the east side of Japan and face 
the Pacific Ocean. The populations of Tokyo, 
Sendai and Haramachi are approximately 32 
million, 1 million and 50 thousand respectively. 
Computational domains considered are shown in 
Fig.2, whilst the grid size and its arrangements of 
each domain are summarized in Table 1 (Tokyo) 
and Table 2 (Sendai and Haramachi). Three-stage 
nested grid was adopted in this study. Fig.2 also 
indicates the domains of grid3 and the location of 
a control volume (C.V.) in each city. The C.V. is 
the space for evaluating the heat balance set in 
the central part of each city. The Mellor and 
Yamada 2.5 level turbulence closure model [2] 
was employed in this study.  
2.2. Computational conditions 
The simulations started from 6:00 a.m. on August 3, 
and a time integration of 42 hours was performed. 

 
 

 
 
 
 
 

 
(a) Tokyo (b) Sendai and Haramachi 

Fig.1  Domains for 3-Stage Nested Grid System 

 
 
 
 
 
 
 

 
(a) Tokyo (b) Sendai (c) Haramachi 

Fig.2  Domain for Grid3 and Control Volume(C.V.) 
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The initial wind direction and velocity were set from 
south with 2.0m/s at a height of 9.6km from the 
ground surface in Tokyo. In Sendai and Haramachi, 
initial wind direction and velocity were set from 
southeast with 4.0m/s. Details of boundary conditions 
are given in [3]. 
The distribution of present land-use is incorporated into 
the calculation. Here, the ground surface is classified into 
12 types of land-use, and the surface parameters such 
as albedo, roughness length z0, heat capacity and 
moisture availability β  are set individually according to 
the land-use conditions (cf. Table.3). 
 
3. RESULTS AND DISCUSSION 
3.1. Predicted urban climate  
Fig.3 shows the horizontal distributions of 
temperature near the ground surface of each city at 
1:00 p.m. on August 4. Fig.4 illustrates the horizontal 
distributions of wind velocity vectors at a height of 
10m at 1:00 p.m. At this time, the sea breeze from 
the Pacific Ocean is shown noticeable in each city. 
A comparison of the horizontal distributions of air 
temperature at a height of 10m at 1:00 p.m on 
August 4 is given in Fig.5. The air temperature 
showed generally low along the coastal area of each 
city under the influence of the sea breeze from the 
Pacific Ocean, while the areas of high temperature 
were observed in central parts of all three cities and 
in inland areas. It can be seen that the region with 
high temperature covers a very wide area in Tokyo 
in comparison to the other two cities. 
3.2. Comparison of predicted results with 

measurement 
Fig.6 compares the diurnal variations of air temperature 
at a height of 10m between numerical results and 
measurements [Note] [4]. The appearance of the peak 
temperature of each city was different in measurement. 
The measured peaks occurred at 10:00 a.m. in 
Haramachi, at 12:00 a.m. in Sendai and at 2:00 p.m. in 
Tokyo, respectively. This tendency is reproduced rather 
well in the numerical results. 
 
4. ANALYSES OF HEAT BALANCE IN URBAN 

SPACE 
4.1. Concept of heat balance model in urban space 
Fig.7 illustrates the heat balance mechanism in an 
urban space [1]. The total heat balance is composed 
of incoming and outgoing heat fluxes through all the 
surfaces of the C.V., and the heat generation and heat storage in the C.V. 
The heat balance in the urban space was evaluated using the numerical results obtained from 0:00 a.m. on 

 
 
 
 
 
 
 
 
 

 
(a) Tokyo (b) Sendai   (c) Haramachi 

Fig.3  Horizontal Distribution of Temperature near Ground Surface 
[oC] (at 1:00 p.m. on August 4) 

 
 
 
 
 
 
 
 
 

 
(a) Tokyo (b) Sendai   (c) Haramachi 

Fig.4  Horizontal Distribution of Wind Velocity Vectors [m/s] 
(at 10 m height, at 1:00 p.m. on August 4) 

 
 
 
 
 
 
 
 
 

 
(a) Tokyo (b) Sendai   (c) Haramachi 

Fig.5  Horizontal Distribution of Air Temperature [oC] 
(at a height of 10m, at 1:00 p.m. on August 4) 

Table.1  Computational Domains and Grid Arrangements(Tokyo) 

 
Computational Domain 

(x[km] × y[km] × z[km]) 
Mesh Number 

Horizontal Node 
Interval [km] 

Grid1 480×400×9.6 60×50×49 8 
Grid2 232×200×9.6 58×50×49 4 

Grid3-Tokyo 96×96×9.6 48×48×49 2 

 
Table.2   Computational Domains and Grid Arrangements  

(Sendai and Haramachi) 

 
Computational Domain 

(x[km] × y[km] × z[km]) 
Mesh Number 

Horizontal Node 
Interval [km] 

Grid1 400×360×9.6 50×45×49 8 
Grid2 120×120×9.6 60×60×49 2 

Grid3-Sendai 30×30×9.6 60×60×49 0.5 

Grid3-Haramachi 12×6×9.6 24×12×49 0.5 

Table.3  Surface Parameters 

 
albedo 

[-] 

roughness 
length 
z0[m] 

heat capacity 
(=× 106) 
[J/m3K] 

moisture 
availability

β [-] 

Rice paddy 0.20 0.050 3.0 0.5 
Farming 0.10 0.010 2.0 0.3 
Orchard1 0.20 1.000 2.0 0.3 
Orchard2 0.20 0.500 2.0 0.3 

Forest 0.15 2.000 2.0 0.3 
Vacant land 0.20 0.010 2.0 0.3 
Buildings 0.10 1.000 2.1 0.0 
Paved Road 0.10 0.010 1.4 0.0 
Other land 0.20 0.010 2.0 0.3 
River site 0.03 0.001 4.2 1.0 

Coast 0.30 0.005 1.3 0.6 
Ocean 0.03 0.001 4.2 1.0 

C.V.(Central parts 
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August 4 (18 hours after a calculation started) to 0:00 a.m. on August 5 (42 hours after a calculation started). The 
C.V. for evaluating the urban heat balance is shown in Fig.2. The domain of this C.V. covers an urbanized area of 
2km ×2km×80m in x-direction (East–West), y-direction (North–South), z-direction (vertical), respectively.  
4.2. Comparison of heat balance on ground surface in central part of each city 
Fig.8 compares the ground surface average heat balance in the C.V. of each city. The sensible heat fluxes from 
the ground surface of the central parts of Tokyo and Sendai were larger than that of Haramachi. The 
anthropogenic heat release in the C.V. was large in Tokyo comparing to the other two cities. 
4.3. Comparison of heat balance in urban atmosphere in central part of each city 
Fig.9 illustrates the diurnal variations of sensible heat balance (incoming fluxes - outgoing fluxes) in the C.V. by 
advection, turbulent diffusion and anthropogenic heat release. The total sensible heat budget (advection + turbulent 
diffusion + anthropogenic heat release, i.e. sum of incoming and outgoing heat fluxes through all surfaces of the C.V. 
and heat generation inside the C.V.) is also shown. In this figure, the values shown in the advection graph and the 
turbulent diffusion graph indicate the total heat fluxes through all surfaces of the C.V. by advection and turbulent 
diffusion respectively, and the values of anthropogenic heat release shown here is the total sensible heat generated 
by anthropogenic heat sources, i.e. air-conditioning system, automobiles, etc., in the C.V. Positive and negative 
signs indicate the heat flow entering to and leaving the C.V. (cf. Fig.2). The negative values of sensible heat balance 
by advection were found during daytime in all cities reflecting that the sea breeze came from the Pacific Ocean and 
the influence of sea breeze on the air temperature in central part of each city was significant in this period. On the 
other hand, the sensible heat balance by turbulent diffusion obtained positive values in all cities. These positive 
values were caused by the incoming heat released from ground and building surfaces. In Sendai, the contribution of 
heat transports by advection (      ), i.e. the effect of sea breeze, to reduce air temperature and that of heat transports 
by turbulent diffusion (     ), i.e. the effect of generation of heat from ground surfaces, to increase air temperature are 
very large, while the contribution of anthropogenic heat release (     ) is relatively small. The influence of sea breeze 
in Tokyo was also noticeable, however, the influence of anthropogenic heat release was significant in comparison to 
those found in the other two cities. In Haramachi, the effect of sea breeze was similar as that in Sendai but its peak 
generated earlier comparing to Tokyo and Sendai. 
The positive and negative values of the total heat budget (     ) illustrated that the average air temperature averaged 
over the C.V. increased and decreased respectively. In the central part of Sendai, the sum of the effects of incoming 
heat (turbulent diffusion and anthropogenic heat release) showed greater than the effect of sea breeze in the 
morning as shown in Fig.9(b), therefore the air 
temperature increased in this period (cf. 
Fig.6(a)). On the other hand, the air temperature 
decreased from noon because the effect of sea 
breeze was larger than the sum of incoming 
heat in the afternoon. In Tokyo, the effect of 
anthropogenic heat release was much larger 
than the other two cities, consequently the total 
heat budget remained positive sign until 4:00 
p.m., as shown in Fig.9(a). As a result, the air 
temperature in the central part of Tokyo 
continued to increase until 4:00 p.m. as 
illustrated in Fig.6(a). The increase of air 
temperature in Tokyo is mitigated in the period 
when the effect of sea breeze is large. In 
Haramachi, the effect of sea breeze became 
large from the earlier period as shown in Fig.9(c), 
thus the temperature peak appeared earlier in 
comparison to Tokyo and Sendai (cf. Fig.6(a) ). 
Fig.10 shows the hourly rate of variations of air 
temperature evaluated from the sensible heat 
balance in the C.V. by advection, turbulent 
diffusion and anthropogenic heat release, as 
well as from the total heat budget. This hourly 
rate was estimated from equation(1).  
 
                                       [K/h] ······························ (1) 
 
   :air temperature [oC],     
     
    : density of air [kg/m3],  V: volume of the C.V. [W] 
The absolute values of the hourly rate of total 
heat budget in Fig.10 (     ) corresponded to the 
absolute values of increase or decrease of air 
temperature in Fig.6(a). For example, in the 
case of Sendai (cf. Fig. 10), the hourly rate of 

 
 
 
 

 
 
 
 
 
 

Fig.8  Comparison of Heat Balance on Ground Surface  
of Three Different Cities [W/m2] 

 
 
 
 
 
 
 

(a) Numerical results(in August)  (b) Measurement (average of typical 
 fine days in July and August [Note][4]) 

Fig.6 Diurnal Variations of Air Temperature in Each City[oC] 
(Comparison of predicted results with measurement) 

  
 

 
 
 
 
 
 

Fig.7  Heat Balance Mechanism in Urban Space [1] 
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increase or decrease of air temperature from 2:30 p.m. to 3:30 p.m. under the effect of generation of heat from 
ground surface, the effect of anthropogenic heat release and the effect of sea breeze were 4.0 oC, 1.1 oC and –
5.9 oC respectively. As a result, the hourly rate by total heat budget was about –0.8 oC in this period as shown in 
Fig.10 and this value corresponded to the variation of air temperature in the same period (cf. Fig.6(a)). 
4.4. Effective countermeasures against heat island effects in central part of each city 
The main factors that greatly governed the increase and the decrease of air temperature had been revealed, based 
on the urban heat balance analyses shown above. It is confirmed that the appropriate countermeasure against heat 
island effects in central part of each city is different according to the differences in the regional characteristics of heat 
balance mechanisms in three cities. The effect of sea breeze was found significant in Sendai and Haramachi in 
comparison to Tokyo. On the other hand, the effect of sea breeze was also noticeable, but the influence of 
anthropogenic heat release was found larger in Tokyo than Sendai and Haramachi. The introduction of sea breeze 
into urbanized area and the modifications of urban surface, i.e. planting and high-albedo surfacing, were seen 
effective in Sendai. In addition to these countermeasures, the reduction of anthropogenic heat release was also 
significant in Tokyo. In Haramachi, the introduction of sea breeze was most effective. 
 
5. CONCLUSIONS 
(1) Numerical analyses of mesoscale climate in Tokyo, Sendai and Haramachi were carried out. The tendency of 

the variations of air temperature in the central part of each city was different. 
(2) The heat balance mechanisms in urban space in the central parts of these three cities were evaluated by 

using numerical data provided by the mesoscale climate analyses. The effect of sea breeze was significant in 
Sendai and Haramachi, while the influence of anthropogenic heat release was the largest in Tokyo compared 
to the other two local cities. 

(3) Based on these analyses, the effective countermeasures for reducing the heat island effects suited to the 
regional characteristics of heat balance mechanisms in each city were selected. 
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Note 
The measured data of Tokyo and Sendai were averaged over typical fine days in July and August. The criteria of selection of typical fine day are 
shown below.  
(a)Extended AMeDAS (Automated Meteorological Data Acquisition System) Weather DATA in July and August in 1994 and 1995 was used.  (b)The 
selective days were chosen when the average wind during daytime (6:00 a.m.~6:00 p.m.) blew from South directions in Tokyo weather station and 
from South~East directions in Sendai weather station, i.e. the days when the sea breeze was observed.  (c)The sum of the solar radiation in a 
whole day in Tokyo weather station and Sendai weather station was ≥ 20 MJ/m2.  (d)The sum of the solar radiation in other weather stations for 
AMeDAS inside Tokyo and Miyagi Prefecture were ≥ 20 MJ/m2. In Haramachi, the data of a typical fine day was used.  

 
 
 
 
 
 
 

(a) Central part of Tokyo  (b) Central part of Sendai (c) Central part of Haramachi 
Fig.10  The Hourly Rate of Variation of Air Temperature Evaluated from The Sensible Heat Balance of the C.V. by Advection, 

Turbulent Diffusion and Anthropogenic Heat Release and from Total Heat Budget [K/h] 

 
 
 
 
 
 
 

(a) Central part of Tokyo  (b) Central part of Sendai (c) Central part of Haramachi 
Fig.9 The Diurnal Variations of Sensible Heat Balance of the C.V. by Advection, Turbulent Diffusion  

and Anthropogenic Heat Release and Total Heat Budget [MW](+means incoming heat for C.V.) 
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MULTIPLE VARIABLE MODEL FOR ESTIMATING THE MAXIMUM UHI USING 2 
AND 3 DIMENSIONAL SURFACE PARAMETERS 

 
Janos Unger, Bernadett Balazs, Zoltan Sumeghy, Tamas Gal 

University of Szeged, Szeged, Hungary 
 
Abstract 
The aim of our investigation is to reveal quantitatively the effect of the characteristic urban structure on the 
development, magnitude and spatial distribution of the annual mean maximum urban heat island. We use various 
surface parameters to include into the statistical model. The modeling of the spatial distribution of the UHI is 
based on mobile observations in Szeged (April 2002 – March 2003). We developed our model with a multiple 
variable statistical method, applying different surface parameters. To quantify the error of the process, we 
generated the probable UHI intensity field with the created model-equation and after that we compared it with the 
independent dataset of the UHI intensity based on the earlier observations in Szeged (March 1999 – February 
2000). The structure of the estimated heat island showed clear similarities to the real conditions. The result 
affirms that our approach to estimate the annual mean maximum UHI is correct and such models can be adapted 
in other cities if the surface parameters are available.  
 
Key words:  urban heat island (UHI), urban surface parameters, representative sample area 

 
1. INTRODUCTION 

 
In settlement environments the changed surface cover has an impact on the energy and water balance of the 

area, which indirectly leads to the alteration of climate over the cities on a local scale. The generation of excess 
temperature (urban heat island, UHI or ∆T) is one of the main alterations (e.g. Oke, 1987; Kuttler, 2005). This 
excess has a fundamental influence on the comfort of the population of the city. The urban climate research 
provides important information for practical fields such as urban planning (Kuttler, 2005).  

In connection with the 3D extent of a town, one of the most characteristic and frequently used parameters is 
the sky view factor (SVF). The value of the SVF has a major effect on the long-wave radiation balance as well as 
the rate of cooling at night, and thus on the intensity of the heat island (Oke, 1981).  

The aim of this study is to calculate the impact of the urban structure – namely the geometric structure and 
built-up ratio – mainly responsible for the annual mean magnitude and spatial distribution of the UHI using a 
selected representative sample area due to the large spatial extent of the studied city (Szeged, Hungary). In 
addition to SVF and the factors of built-up features, like built-up ratio, water surface ratio and building height 
already used to examine the UHI of Szeged (Bottyán and Unger, 2003; Unger et al., 2004), the climate alteration 
role of building compactness was examined.  

Szeged is located in the southern part of the Great Hungarian Plain. The surface is characterised by low relief. 
According to Trewartha’s classification, it belongs to the climatic type D.1 (continental climate with longer warm 
season) (Peczely 1979). Szeged provides a favourable background to urban climatology research so the results 
of systematic measurements and analysis can be applied as a basis of general conclusions. 

While the administrative area of Szeged is 281 km2, the inner city is only around 30 km2, and the densely built-
up areas are located inside a circular dike (Fig. 1). 

 

 
Fig. 1. Generalized built-up types of Szeged: (a) agricultural and open area, (b) warehouses and industrial area, 

(c) 1-2 storey detached houses, (d) 5-11 storey blockhouses and (e) city core with 3-5 storey buildings; the 
investigated area and the grid network: (f) border of the investigated area and (g) circular dike 

 
2. METHODS OF FIELD WORK AND GEOINFORMATICAL MEASUREMENTS 
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2.1. Study area and temperature data 

 
Research was mainly concentrated on the inner parts of the town. In order to systematise the data collected, 

the study area was divided into 500x500 m gridcells (Fig. 1). The study area consists of 103 cells, covering the 
areas of the downtown as well as suburbs. The 4 remaining cells extended towards the west were applied as a 
reference area to which temperature data could be compared. 

Data necessary for the analysis of the maximum UHI intensity were collected with the help of measurement 
cars following given routes, in periods between March 1999 and February 2000 as well as between April 2002 
and March 2003. From these observations a representative amount of sample data was provided to study the 
development of the UHI. The measurements covered all weather conditions except for rain. On the basis of 
previous studies, data collection was carried out in such a way that the observations took place around the 
expected maximum development of the UHI, 4 h after sunset; the value is based not only on other research (e.g. 
Oke 1981), but also on earlier measurements in Szeged (Boruzs and Nagy, 1999). After averaging the 
measurement values by grid cells, time adjustments to the reference time were applied assuming linear air 
temperature change with time.  

 
2.2. Urban surface parameters: built-up ratio, wate r surface, sky view factor, compactness 

 
The determination of the built-up ratio (covered surfaces: streets, roofs, parking lots, etc.) was based on the 

analysis of SPOT XS satellite images from the summer of 1992. The resolution of the images is 20 m, which 
makes it possible to take into account the small-scale areal characteristics of the town. The basis of analysis was 
the calculation of the Normalised Difference Vegetation Index by geoinformatical systems based upon both raster 
and vector data. Using this index, it was possible to determine the ratios of the built-up surfaces (B) and water 
surfaces (W) belonging to the cells (e.g. Unger et al., 2000). 

Numerous solutions are known for the calculation of the SVF, we determined the approximate values of the 
SVF using a theodolite. We measured the angles of elevation at each 100 m along the measurement route 
referring to the highest points of the buildings located on both sides of streets (Bottyán and Unger, 2003). 

In order to quantify the effect of urban structure on the development of the mean urban heat island we 
determined a new surface parameter: the compactness. Therefore, in order to find connection between the 
surface geometry and the UHI, this parameter has to fulfil the following requirements:   

– It should describe the surface of buildings from the viewpoint of their heat emission and absorption capacity 
towards the ambient air. 

– It should provide information not only along the measurement route, but also for the whole research area; 
thus, not only a single portion but the entire urban surface is described. 

– It should include the volume (or weight) and thus, also must describe heat storage values of buildings. 
Based on these considerations the compactness (C) is the quotient of the building surface (without plan area) 

and a cube surface (which has same volume as the building). It is used in two ways:  
– mean compactness (Cm): average of the compactness of the individual buildings per cells 
– the weighted volumetric compactness (Cv): the C values are weighted with the volume of the buildings, and 

summarized per cells. 
The compactness characterises the volume and structure of buildings in 3 dimensions, and is of primary 

importance from a thermodynamic point of view. 
 

2.3. Geoinformatical methods and application 
 
The compactness of approximately 11,000 buildings located on one third of the city was determined by 
geoinformatical analysis. By this method the analysis, measurement and presentation are all possible. Raster 
basis was the aerial photographs of Szeged, the vector basis was the plan areas of buildings. The 3D 
measurements were taken in the ERDAS IMAGINE, its database was processed in ArcView GIS. 
 
3. MATHEMATICAL METHODS 
 
3.1. Selection of the representative sample area 

 
The broader aim of the research was to determine the geometrical-morphometrical parameters coming from 

and therefore describing the whole area, and to study their impact on the UHI. The geometric survey of the whole 
town would take enormous effort and time due to the great number of buildings. Therefore, we limited our 
sampling to one third of the research area, which contains 35 cells. 
 
3.2. Stepwise multiple linear regression model 
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Our purpose here is to determine the connection between static parameters describing the town and the mean 
maximum heat island intensity (∆T). Based on previous studies (Bottyan and Unger, 2003; Bottyan et al., 2003) 
we also applied the linear-based approach. 

We presumed that all the 5 parameters (B, W, SVF, Cm, Cv) have significant impact on the spatial distribution 
of ∆T. First, all parameters were included in the database (as predictors). We selected the statistically acceptable 
predictors, later applied in the model, by the stepwise linear regression method. In the process we applied the 
SPSS for Windows 9 software.  
 
4. RESULTS 
 
4.1. Evaluation of the representativity of the sampl e area 

 
As expected from the applied selection methods, when comparing the structure of the ∆T constructed from 

data of the whole area to the one constructed from 35 cells, it appears that the main characteristics of the smaller 
version are basically similar to the field based on the complete database (Fig. 2a-b). As for the map of differences 
(Fig. 2c), only small-scale alterations occurred, and in the case of three quarters of the area, this difference was 
below 0.1°C. 

 

       
 

Fig. 2. Spatial distribution of the annual mean maximum UHI intensity (a) based on the complete database and (b) 
based on the data of the 35 cells selected (April 2002 – March 2003) and (c) their difference map. The upper 

(0.25°C) and lower bounds of confidence interval (- 0.32°C) are marked by (d) and (e), respectively. 
 
The small values of deviation prove that the temperature fields of the sample area and the whole area of 

Szeged are similar and therefore the selection process was successful. Nevertheless, it is still important to take 
into account the afore-mentioned deviations because they present the maximum accuracy of the modelled heat 
island field. 
 
4.2. Analysis of connections between some urban par ameters and the UHI 

 
Our hypothesis, namely that Cv parameter is an essential factor in the heat-island development and therefore 

there is strong stochastic connection between them, was proved by the previously-done correlation examination. 
It can be stated that with the increase of the Cv values the urban-rural temperature difference undoubtedly grows. 

Based on our calculations, the closest relationship can be detected between the parameters B and ∆T (see 
e.g. Bottyan and Unger, 2003). The connection between the SVF and the ∆T is statistically significant, though 
lower in comparsion with other similar research (e.g. Oke, 1981). This can be explained by the conditions of these 
investigations which were carried out under ‘ideal’ weather conditions. The coefficient of determination belonging 
to the Cv parameter is close to the value of the built-up ratio. On the basis of these preliminary results we can 
conclude that in the case of investigation of the annual mean UHI intensity structure, the Cv parameter carries 
significantly more information in the explanation of ∆T pattern than does, for example, SVF. 
 
4.3. Results of the stepwise multiple linear regres sion 

 
With the application of multiple linear regressions, 3 (B, Cv, W) predictors from of the 5 original ones were 

statistically acceptable for the estimation of the UHI intensity. The importance of these 3 parameters in the 
development of temperature excess was almost 80%. The application of the fourth and fifth parameters (SVF, Cm) 
does not provide more information to the model in practice, and thus, they can be excluded from the model.  

Afterwards, on the basis of the sample data, estimation is given for the value of regression model coefficients. 
The model-equation can be constructed as follows: 

∆T = 1.332 ⋅⋅⋅⋅ 10–2 ⋅⋅⋅⋅ B + 1.045 ⋅⋅⋅⋅ 10–7 ⋅⋅⋅⋅ Cv + 1.082 ⋅⋅⋅⋅ 10–2 ⋅⋅⋅⋅ W + 0.809 
With the application of this equation, it is possible to provide the estimated value of any of the 35 cells. In this 

statistical model, special attention must be paid to the problem of extensibility, namely that the model can be 
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applied only with parameters between the minimum and maximum values. Applying the model to another cities, it 
has to be considered if the used predictors are within the adequate intervals.  

With the help of the Kriging interpolation method (linear variogramm-model application), the calculated ∆T 
values provided a basis for the spatial extension of the B, Cv, W values. Using this extension, it is possible to 
determine the spatial distribution of the UHI intensity and thus, the whole mean heat island can be explored, 
practically without any temperature measurements. Naturally, it is useful to test the model and thus, to compare 
the ∆T field calculated by the model-equation to an independent database collected in another period. 
 
4.4. Results of spatial extension and model-verific ation 

 
We studied the accuracy of the heat island field estimated by the model-equation in a number of steps. The 

temperature measurements, which took place between March 1999 and February 2000, were taken as 
independent reference data referring to the calculated heat island intensity values of the city. 

The first step was to calculate the difference between ∆T values estimated by the model-equation and real 
intensity data interpolated from the values of the 35-cell sample area. On the basis of these differences we can 
conclude that the model a bit overestimates the real values: the mean deviation is 0.22°C. The absolut e deviation 
of less than 0.1°C extends to more than one-third o f the whole study area. 

Afterwards we calculated differences between the ∆T values estimated by the model-equation and the real 
intensity values of the entire study area of 103 cells. On the basis of these differences, the mean error of the 
model and the extension was 0.24°C, which is not mu ch more than the error of the model in itself. The most of the 
errors likely attributable to the selection procedure for the cells of the sample area.  
 
6. CONCLUSIONS 

 
Our aim was to create a model in order to estimate the intensity and spatial distribution of the mean maximum 

heat island with the help of urban-surface parameters as well as mathematical-statistical methods. In the course 
of this work we applied some new parameters that describe urban geometry in 3 dimensions. Of these 
parameters, the application of weighted volumetric compactness as a predictor appeared to be successful in the 
model. 

In the course of our measurements it was possible to quantify the spatial data of 11,000 buildings with great 
accuracy and thus, a more complex analysis of the connection between urban geometry and the heat island was 
gained. The volumetric compactness, similarly to the predictors describing the urban surface, strongly correlates 
with the average (‘all weather’) UHI intensity; in addition, it became clear that in this case it provided an even 
stronger connection than the SVF parameter. 

With the application of the stepwise multiple linear regression model we could determine coefficients showing 
in what extent each parameter takes part in the creation of the annual mean UHI intensity. Using this model-
equation, the absolute deviations of the generated heat island (calculated for an independent 1 yr period) 
remained under 0.5°C almost in the entire investiga ted area of the town, which is an appropriate result. The 
structure of the calculated heat island in its characteristic features also showed clear similarities to the real 
conditions. 

In this study, one segment of the current results in the urban climatology research of Szeged is discussed in 
detail. The next step in our project is to finish the 3D urban geometry survey, which helps us provide a more exact 
model of the UHI. Moreover, it becomes possible to take the effects of the neighbouring cells into consideration in 
the model. Our further aim is to extend the model towards other cities with favourable conditions to urban climate 
research. 
 
References 
Boruzs, T., Nagy, T., 1999. Urban influence on climatological parameters (in Hungarian). MSc thesis, University of 
Szeged. 
Bottyan, Z., Unger, J., 2003. A multiple linear statistical model for estimating the mean maximum urban heat 
island. Theor Appl Climatol 75, 233-243 
Bottyan, Z., Balazs, B., Gal, T., Zboray, Z., 2003. A statistical approach for estimating mean maximum urban 
temperature excess. Acta. Climatol. Univ. Szegediensis, 36-37, 17-26 
Kuttler, W., 2005. Stadtklima. In: Hupfer, P., Kuttler, W. (eds). Witterung und Klima. Teubner, Stuttgart-Leipzig-
Wiesbaden, 371-432 
Oke, T.R., 1981. Canyon geometry and the nocturnal urban heat island: comparison of scale model and field 
observations. J. Climatol., 1, 237-254 
Oke, T.R., 1987. Boundary layer climates, 2nd edn. Routledge, London 
Péczely, G., 1979. Climatology (in Hungarian). Tankönyvkiadó, Budapest  
Unger, J., Bottyan, Z., Sumeghy, Z., Gulyas, A., 2000. Urban heat island development affected by urban surface 
factors. Idojaras, 104, 253-268 
Unger, J., Bottyan, Z., Sumeghy, Z., Gulyas, A., 2004. Connection between urban heat island and surface 
parameters: measurements and modeling. Idojaras, 108, 173-194  
 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

349



Future forecasting and mitigation assessment of urban heat island in Chongqing, 
China 

Hongbin ZHANG*1, Keisuke HANAKI*1, Naoki SATO*2, Takeki IZUMI*3, and, Toshiya ARAMAKI*1 
*1: Dept. of Urban Engineering, the University of Tokyo 

*2: Institute of Observational Research for Global Change, Japan Agency for Marine-Earth Science and Technology 

*3: Dept. of Geography, Tokyo Metropolitan University 

 

1. Introduction   

Among various urban environmental problems, urban heat island (UHI) raises great concerns because it does not 

only damage the amenity of urban area which is the most accessible area to majority of population but also leads to other 

more serious urban environmental issues , i.e. air pollution, over-consumption of energy and concentrated downpour, etc.. 

In recent years, some potential mitigation measures, such as the reduction of heat discharge, increasing vegetative cover, 

introducing reflective and water retentive surface materials etc, have been proposed to be effective in decreasing the density 

of UHI conditions by researchers (e.g., Rosenfeld et al., 1998, Kondo et al., 2003). However, the integrated assessments for 

these mitigation measures when they are applied in the master plan are far from enough. The objective of this paper is to 

examine and evaluate 6 kinds of potential UHI mitigation measures, 1) increasing albedo; 2) energy saving; 3) increasing 

vegetation; 4) water retentive pavement; 5) cooling tower; and 6) building walls sprinkler, for Chongqing city, an inland 

mountainous city in China.  

Chongqing is located in the southeastern part of Sichuan Basin in Western China and on the upper reaches of 

Yangtze River which is at the head of reservoir behind the Three Gorges Dam. In 1997, in order to develop the economy of 

western China as well and to arrange the resettlement of the immigrants from the area affected by the Three Gorges Dam 

project, the original Chongqing city together with several counties on its periphery, were united to be promoted to the status 

of Municipality. Thus, the current Chongqing municipality spreads a total area of 82,400 km2 with a population of over 30 

million. The main city area in Chongqing municipality is situated in the intersection of Yangtze River and Jialing River, and 

nestled into the interior of Zhongliang Mountain and Tongluo Mountain. Reputedly River City or Mountain City, Chongqing is 

the beachhead for the development of the Western China. Today, massive construction and development works are under 

way in the city, for example, the constructed urban area in Chongqing is planned to extend from 350 km2 to 820 km2 in the 

first twenty years of 21st century, and urban population balloons from 5.2 million to 8.8 million. Therefore, there is a great 

chance for Chongqing that the UHI condition could become a serious problem in the near future. In this paper, firstly, the 

future UHI condition in Chongqing city is forecasted, and then the effects of potential UHI mitigation measures are estimated 

numerically in the meso-scale.  

The numerical model used in this research is the modified Regional Atmospheric Modeling System, RAMS-UC. 

RAMS-UC utilizes the advantages of original RAMS model, which was developed by scientists at Colorado State University 

(Tremback et al., 1987) for simulating and forecasting meteorological phenomena. On the other hand, an urban canopy 

model, which refers to the single layer urban canopy model developed by Kusaka et al. (Kusaka et al., 2004) and is modified 

by authors, is incorporated into the original RAMS as a subroutine to give a better simulation of the surface conditions in the 

urban area.  

2. Domain information  

Since Chongqing has a large area, and the topography is complex, a wide range of meteorological phenomenon 

should be taken into consideration in its simulation.  

In this research�the calculating domains are defined as three different level grids (Figure 1). Grid1 denotes the out 

most domain, which has an area of 2000km x 2000km, with centre (E106.5 degree, N29.58 degree) located near the centre 

of downtown Chongqing. It consists of 60 x 60 grid cells. Inside the grid1, there are two two-way nested sub-domains. The 

coarser sub-domain (Grid2) is made up of 60 x 60 4km x 4km cells, whereas the finer sub-domain (Grid3) is made up of 80 

x 80 1km x 1km grid cells.  

The vertical domain consists of two parts - soil and atmosphere. The underground part has 11 effectual layers whose 
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depth are given as 1cm, 3cm, 6cm, 9cm, 12cm, 16cm, 20cm, 25cm, 30cm, 40cm, 50cm respectively. 

 According to the terrain-following σz coordinate system (Walko et al., 2000) used in RAMS, the vertical domain 

assumes an exactly flat top and a terrain-following bottom, and its coordinates are defined as follow:  

  














−
−
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g

g

zH

zz
Hz*

,                                                                 (1) 

where H is the height of the vertical domain top and zg is local topography height. Since the horizontal domain includes a part 

of the Tibetan Plateau where the topography height is more than 6000m, the range of the vertical domain needs to be set 

large enough. As a result, the vertical domain top is set up to approximately 18,000m above sea level, and the number of 

layers for Grid1 is 29 and for Grid2 and Grid3 are 41. Here, variable vertical grid spacing method which is supported by 

RAMS is applied to increase resolution near the ground. The thickness of the bottom atmospheric layer in Grid1 is 120m, 

then, from the second layer, vertical grid spacing increases with an expansion ratio of 1.15 from the one below, but if the 

thickness of one layer exceeds 900m, it is set as 900m constantly. In the case of Grid2 and Grid3, considering the vertical 

influence range of cities to climate is said within several hundred meters (e.g. Ichinose, 2000), the lowest 6 layers (up to 

approximately 1,000m), from the bottom layer to the sixth layer are divided further into 4, 4, 3, 3, 2, 2 sub layers respectively 

to resolve more details near the ground. 

 

Figure1. Domain structure                                 

3. Input data 

 The meteorological data used for simulations is NCEP (National Centers for Environmental Prediction) pressure level 

dataset from UTC 1800 August 10, 2004 to UTC 0000 August 12, 2004. It includes wind velocity and directions (U-wind, 

V-wind), air temperature, geo-potential height, and relative humidity data at 10 isobaric surfaces, 1000mb, 925mb, 850mb, 

700mb, 600mb, 500mb, 400mb, 300mb, 200mb and 100mb, at 6-hour intervals with 2.5 degree latitude x 2.5 degree 

longitude resolution.  

 The surface data is composed of two parts. The first one is the Surface Characteristic Dataset provided by RAMS, 

which consists of 1km resolution Global Land Cover Characteristics (version 1, Global Ecosystem), 1km resolution Digital 

Elevation Model, and 100km resolution Sea Surface Temperature. The second part is the topography and landuse data for 

the finest grid-Grid3 which is abstracted from satellite remote sensing images in order to obtain higher resolution. The 

topography data is ASTER DEM (Advanced Spaceborne Thermal Emission and Reflection Radiometer Digital Elevation 

Model), while the landuse data is from Landsat-7 satellite data, both of them have 50m resolution. Furthermore, the landuse 

data also referred to the landuse plan designed by ChongQing Urban Planning and Design Institute. The urban landuse is 

further divided into 6 classes, commercial and residential (comm.-residential) area; commercial area; commercial and 
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industrial (comm.-industrial) area; industrial and residential (Indus-residential) area; heavy industrial area; and urban center 

– YZH district (Figure2).  

 

Figure2. Urban landuse 

4. Countermeasures and results 

The effects of 6 kinds of countermeasures are tested in this paper.  

Increasing albedo: The albedo of building roof, building wall and ground are increased from 0.2 to 0.6 respectively;  

Energy saving: The anthropogenic heat is cut to 50% of standard level; 

Increasing vegetation: Decrease the building coverage to half of the current coverage and green the empty area; 

Water retentive pavements: Increase the evaporation efficiency of urban ground from 0.05 to 0.15 by introducing the water 

retentive pavements; 

Cooling tower: Introduce a central air conditioner system and discharge heat as latent heat instead of sensitive heat; 

Water sprinkling: Assume that half of buildings include a water sprinkler system on the building walls, and sprinkle water from 

9 am to 6 pm;  

       Figure3 shows the 2m air temperature results at an open place with artificial coverage. According to these simulations, 

we can find that increasing vegetation through high rising is most effective among the 6 kinds of countermeasures, but that 

vegetation ratio (50%) might be difficult to reach for most cities. The water retentive pavement is particularly effective in 

decreasing the nocturnal temperature, while water sprinkling at building walls may effectively reduce the surface 

temperature of buildings or the local air temperature adjacent the buildings but not much sensitive to the air temperatures. 
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About the albedo increasing countermeasure, building roof is most effective, the next is ground surface, and building wall 

shows little impact.  
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Figure3. Comparison of 2m air temperature of (a) albedo increasing countermeasures, and (b) the other countermeasures   

std: standard simulation without any countermeasures; albedo-(i): albedo increasing simulations, where g, r, and w represent 

ground, building roof, and building wall, respectively; energy: energy saving; vegetation: vegetation increasing through high 

rising; pavement: water retentive pavement; sprinkler: water sprinkling 
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Abstract 
 
Countermeasures for urban heat island (UHI) sometimes conflict with other environmental issues. Decision 
makers should take into accounts several kinds of environmental impacts such as global warming, heat stress 
and comfort for human being by UHI, and decide the order in importance of environmental issues when they 
select the effective countermeasures for UHI. In this study, we aim to estimate environmental impacts 
quantitatively caused by urban heat island in Tokyo. An integrated technique of LIME (Life-cycle Impact 
assessment Method based on Endpoint modeling) was used to estimate the impacts of UHI. 
 
Key words: urban heat island, environmental impact assessment, LIME 
 
 
1. INTRODUCTION  
 
The urban heat island has become a serious social issue in Japan. Researchers are interested in the mitigating 
effect of countermeasures to UHI. We considered another effect of countermeasures to UHI. Another effect is that 
countermeasures to UHI could contribute to mitigation of global warming by reducing life cycle energy 
consumption. Countermeasures to UHI are expected to reduce energy consumption for cooling in summer. But 
some kind of countermeasures to UHI would result in an increase in energy consumption for heating in winter. 
If the energy consumption for heating exceeds the energy consumption for cooling, large scale introduction of 
some kind of countermeasure to UHI might actually result in an increase in the energy consumption for air 
conditioning. In this case, countermeasures to UHI conflict with the global warming. Decision makers should take 
into accounts such kind of conflict within environmental issues in case of installing countermeasures to UHI. 
Life cycle impact assessment, LCIA, is widely used to understand the environmental significance of products and 
services.  
In this study, we aim to estimate several kinds of environmental impacts caused by urban heat island phenomena 
in Tokyo quantitatively and integrate these impacts. An integrating technique of LIME (Life-cycle Impact 
assessment Method based on Endpoint modeling, Itsubo 2004) was used to estimate the impacts of UHI. 
 
2. ENVIRONMENTAL IMPACTS BY AIR TEMPERATURE RISE IN TOKYO 
 
2.1. Methodology and considered category endpoint 
 
Concept of LIME and extent of evaluation on UHI are shown in Figure 1. LIME was developed by LCA National 
project for quantifying environmental loading in Japan, as accurately as possible and with a high degree of 
transparency. LIME follows the general framework of the life cycle impact assessment (LCIA) defined in 
international standard ISO-14042 (2000). Thus there are three steps to conduct LIME as LCIA: characterization, 
damage assessment, and weighting. In weighting, a single index description is obtained by applying the weighting 
factors of the safeguard subjects to the 
damage amounts of the safeguard objects. 
LIME used the conjoint analysis to derive the 
weighting factors so as to estimate the 
monetary value for avoiding a unit amount of 
damage to a safeguard subject, and to 
obtain a relative weighting coefficient based 
on an annual amount of damage to a safe 
guard subject. Category endpoints are 
aggregated into four safeguard subjects, 
such as human health, social welfare, 
biodiversity and primary productivity, in LIME.  
In this study, we performed damage 
assessment for UHI and weighting by using 
weighting factors in LIME. Environmental 
impacts were estimated by a single index of 
Yen by LIME. 
 

 

 
Figure 1 LIME concept and extent of evaluation on UHI 
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Urban heat island seems to define as phenomena that air temperatures are often higher in a city than in its 
surrounding countryside (Oke 1982). Only the air temperature is set as a parameter for UHI definition. But most of 
the environmental issues which are considered as a major cause of UHI result from not only increasing air 
temperature but also worsening thermal environment in a city. Thus, in this study we extended the definition of 
UHI and treated environmental issues caused by worsening thermal environment in Tokyo.  
Japanese ministry of environment reported four types of environmental issues caused by worsening thermal 
environment in Japan (MOE 2002). These are increase in energy consumption, health damage for human being, 
ecologic damage and local climate change. We selected the increase in energy consumption and the health 
damage for human being among them to estimate the impacts of UHI in 23 wards in Tokyo because there were 
several scientific and statistical studies to define damage functions of thermal condition for these two issues in 
Japan. It needs to make great efforts to define quantitative damage function to take into account the rest of two 
issues, such as ecologic damage and local climate change, for estimation of environmental impacts of UHI in the 
future.  
 
Table 1 Increase in energy consumption in 23 wards in Tokyo in each season when air temperature rise in one 
degree Celsius at Otemachi. (Minus means decrease in energy consumption) 

 
2.2. Impact on energy consumption in Tokyo 
 
Increase in energy consumption in 23 wards in Tokyo in each season when air temperature rise in one degree 
Celsius at Otemachi was calculated from the number of households and office buildings in 23 wards and 
relationship between energy consumption and air temperature level. Air temperature observed by Japan 
Meteorological Agency at Otemach was used as a representative point of Tokyo. We considered four kinds of 
energy such as electricity, city gas, liquid propane gas (LPG) and kerosene.  
Results are shown in table 1. In summer air temperature rise results in increase in all kinds of considered energy 
consumption except for city gas and LPG for household. City gas and LPG are used for hot water demand. That 
is why these two kinds of energy consumption are expected to decrease in case of air temperature rise. On the 
contrary air temperature rise results in decrease in all kinds of energy consumption in winter. If air temperature 
decrease throughout a year, total energy consumptions are expected to decrease in office buildings but are likely 
to increase in houses. 
From these results and inventory of considered energy, we calculate the integrated environmental impacts 
through the change of energy consumption by one degree Celsius of air temperature rise in each season. Results 
are shown in figure 2. Result indicated that most of the environmental impact was affected on the social welfare in 
Tokyo, which was caused by the cost of energy. UHI are likely to affect to increase in the environmental impact in 
summer, but was expected to affect to decrease the environmental impacts throughout the year.  
 
 

Energy 
consumption 

Items unit Summer Winter Spring and 
autumn 

Total 

Electricity TJ/season/degree C 389 -205 -122 61 
City gas TJ/season/degree C -731 -905 -551 -2187 
LPG TJ/season/degree C -266 -328 -200 -794 

Household 

Kerosene TJ/season/degree C 0 -1933 -1444 -3378 
Electricity TJ/season/degree C 1174 -529 450 1094 
City gas TJ/season/degree C 362 -194 111 279 
LPG TJ/season/degree C 239 -128 73 184 

Office 

Kerosene etc TJ/season/degree C 1689 -1047 1081 1723 
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                                      (a) yearly                                                                             (b) in summer 

Figure 2 Integrated environmental impacts through the change of energy consumption caused by UHI 
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2.3. Impact on human health in Tokyo 
 
We took into accounts hyperthermia and 
thermal/cold stress by air temperature rise in 
Tokyo. Impact on human health was estimated by 
the unit of the Disability-Adjusted Life Year (DALY). 
The DALY was defined as summation of Years of 
Life Lost (YLL) and Years Lived with a Disability 
(YLD). In this study, only YLL was estimated as 
DALY because there were no available data of 
YLD about hyperthermia and thermal stress in 
Japan. 
 
a. Hyperthermia 
Relationship between total time of air temperature 
over 30 degree Celsius in a day and number of 
taken to a hospital by hyperthermia in Tokyo were 
reported by Center for Environmental Information 
Science (2005). Mortality rate within the people 
taking to a hospital by hyperthermia was 

calculated from yearly data of death by 
hyperthermia reported by Tokyo Fire Department. 
Then we derived the averaged mortality rate per 
one hour of air temperature over 30 degree 
Celsius as 0.0062 people/hr as shown in figure 2. 
The average age of those who died by 
hyperthermia was assumed to be 40 years old 
from mortality data in every age. Then we 
calculated the DALY per one hour of air 
temperature over 30 degree Celsius as 0.243 
DALY/hr by using the Japanese expected life of 
79.24 years. One DALY was estimated as 9.76 
million Yen by LIME. Thus environmental impacts 
on hyperthermia by one degree Celsius of air 
temperature rise were estimated as 2.36 million 
Yen/hr. 
 
b. Thermal/Cold stress 
The relationship between a daily maximum air 
temperature in Tokyo and mortality rate was calculated based on the research about the relationship between a 
daily maximum air temperature and mortality rate of elderly people at least 65 years old (Figure 3). We assumed 
that 2 years of life would be lost by thermal stress as well as the estimation of thermal and cold stress caused by 
global warming. Then we assessed the impact of thermal and cold stress as 5.96 DALY/degree Celsius. This 
impact was expressed as a function of air temperature difference from the optimum daily maximum air 
temperature in Tokyo. Then environmental impacts on thermal and cold stress by one degree Celsius of air 
temperature rise were estimated as 57.8 million Yen/degree Celsius. 
 
3. INTEGRATION OF ENVIRONMENTAL IMPACTS BY URBAN HEAT ISLAND IN TOKYO 
 
We set the yearly averaged air temperature from 1976 to 1980 as a reference and yearly averaged air 
temperature from 1999 to 2003 was set as a target temperature to estimate the total environmental impacts by 
UHI in Tokyo. Averaged air temperature rise by global warming was neglected because air temperature rise by 
global warming was small in comparison with by urban heat island effect (Kondo 2005).  
We calculated the difference of the total time of air temperature over 30 degree Celsius and yearly averaged air 
temperature. And difference between the optimum maximum air temperature and observed maximum air 
temperature in Otemachi in every day among considered period was calculated. Then we assessed the total 
environmental impacts by UHI in Tokyo by using the estimated relations and LIME. Results are summarized in 
table 2.  
UHI damaged on human health by thermal stress and hyperthermia in summer. But UHI effectively decreased 
health damage in winter and its benefit was estimated to overcome health damage in summer in Tokyo. UHI 
affected to decrease environmental impact by energy consumption in Tokyo because of benefit of decreasing 
energy consumption for heating and hot water supply.  
From these results, we understand the urban heat island phenomena as an environmental issue in summer. In 
the point of view of environmental issue in winter, urban heat island affects to decrease environmental impacts. 
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Table 2 Integrated environmental impacts by urban heat island in Tokyo (1976 – 2003) 

Safeguard subjects (unit: million Yen) 
Category UHI effects Human 

health 
Social 
welfare 

Primary 
productivity Biodiversity 

Total impact 
(million Yen) 

degree 
Celsius Thermal stress 

20 

1140 0 0 0 1140 

degree 
Celsius Cold stress 

-278 

-8050 0 0 0 -8050 

hr hyperthermia 
158 

374 0 0 0 374 

degree 
Celsius Energy 

consumption 
0.8 

-126 -1140 23.5 2.71 -1240 

Total impact (million Yen) -6662 -1140 23.5 2.71 -7776 
 
 
4. CONCLUSIONS 
 
Environmental impacts for energy consumption and human health caused by urban heat island phenomena in 
Tokyo were assessed quantitatively. An integrating technique of LIME was used to estimate the impacts. 
We concluded that UHI was likely to affect to increase in the environmental impact in summer, but was expected 
to affect to decrease the environmental impacts throughout the year. That is because decrease of energy 
consumption for heating exceeds increase of energy consumption for cooling in Tokyo when air temperature rise 
1 degree Celsius.  
UHI damaged on human health by thermal stress and hyperthermia in summer. But UHI decreased health 
damage in winter effectively and its benefit was estimated to overcome the health damage in summer in Tokyo. 
From our quantitative estimation, we understand the urban heat island phenomena as an environmental issue 
only in summer. In the point of view of environmental issue in winter, urban heat island affects to decrease 
environmental impacts. 
An integrating environmental impacts technique such as LIME was powerful tool to compare the UHI with other 
environmental issues quantitatively. 
It needs to make great efforts to define quantitative damage function to take into account categories, such as 
ecologic damage and local climate change, for estimation of environmental impacts of UHI in the future. 
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Abstract 
 
The principal objective of this research is to clarify the mitigation effect of heat island and air pollution in Seoul city 
after the restoration of the Cheong-Gye Stream which has been one of the main double-decked roads. The 
authors have started a total monitoring on thermal environment around the restoration zone in June 2003 (before 
the restoration process). If the mitigation effect of thermal stress by the restoration is verified, a global paradigm 
shift of urban development will be expected. Though inter-annual climatological fluctuation made it difficult, the 
authors found some such effects in data of sensible heat flux and temperatures measured in shelters settled 
around the restoration zone. 
 
Key words: river, mitigation, restoration 
 
 
1. INTRODUCTION 
 
The surface temperature of an inner-city river is lower relative to other urban surfaces as energy is expended on 
evaporation rather than heating. Although the area occupied by these water bodies is small compared to the 
whole urban area, they can produce an air temperature difference that is comparable to that which exists 
between city center and suburbs. So, our research question is whether a large restoration of an inner-city stream 
as a component of an environmentally aware urban design strategy, is an effective means of urban thermal 
mitigation? An ideal opportunity to evaluate this question was provided in Seoul, South Korea where an 
extensive section of the Cheong-Gye Stream has been restored. 
 
2. LARGE RESTORATION OF AN INNER-CITY RIVER: A BIG CHANCE TO VERIFY THE MITIGATION 
EFFECT OF URBAN THERMAL STRESS BY THE RESTORATION 
 
The Cheong-Gye, which flows from west to east in the city center of Seoul, was an inner-city river with the length 
of 10.92 km joining to the Han-Gang River. The Cheong-Gye Stream has had a character of natural ‘sewer’ 
drainage system since the dates of the Lee dynasty “Joseon” when large engineering works were carried out to 
reduce the risk of flooding. The growth of Seoul at the beginning of the 20th century turned the area around the 
Cheong-Gye Stream into a populated area with severe sanitary problems. In the late 1950’s the river was placed 
into an underground channel as a solution. Since then, a double-decked road has been built along its course. 
Continued urbanization along this new road resulted in the construction of the Cheong-Gye Double-Decked 
Road (four lanes) with the length of around 6 km in the beginning of 1970s. This goes through built-up areas like 
the Dongdaemun Market and, the Cheong-Gye Stream was hidden away from view. 
More recently, an examination of urban infrastructure has revealed serious structural problems with the 
double-decked road. This has occurred at a time when there is greater emphasis on environmental-friendly 
urban design. There is now an impetus driven by citizens to restore the river environment and provide a large 
amenity space that provides ecological functions and a natural landscape within the city-center. The Seoul 
Metropolitan Government, therefore, has decided to remove this road for several kilometers and restore the 
Cheong-Gye Stream (Fig.-1). 
In many cities there is considerable interest in re-designing the urban environment, especially where there is a 
potential for mitigation to protect or revive “biotopes” with a high-grade of nature. However, such a large-scale 
restoration of inner-city stream has not been attempted elsewhere. In addition to its impact on air quality (by 
reducing traffic flow), its potential role in reducing summertime thermal stress in the vicinity of the stream has 
been discussed. While this impact has been evaluated using a numerical simulation model (Kim and Kim, 2001), 
this is the first opportunity to verify the impact of river restoration on both air pollution and thermal stress. 
The authors have started a total monitoring on thermal environment (meteorological observation) around the 
restoration zone from before the restoration process to establish the mitigation effect of restoring an inner-city 
stream (Fig.-2). 
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Fig.-1   The urban landscape viewed from the top of the Seongdong District Office: before the restoration (June 

2003; left) and after (August 2005; right) 
 

 
 
3. RESULTS   
 
3.1 THERMAL COMFORT INDEX 
 
Intensive observations have conducted for monitoring temperature, humidity, wind speed, MRT (necessary to 
compute SET*) at five points within 100m from the restored river in the middle of August for recent three years. 
It was relatively high temperature in summer 2004, middle stage of construction (Double-decked road was 
completely removed and shape of river bed was formed). On the other hand, it was relatively lower temperature 
in summer 2005, last stage of construction (River space was completely restored and a little water was 
introduced). As a result of comparison with fine days which are important to discuss thermal environment, 
temperatures from 11:00 to 14:00 at the Korean Meteorological Administration (KMA) as background data in 
summer 2004 was approximately 5-7 deg C higher than that of summer 2003. On the other hand, temperatures 
at three shelters settled by the authors around the restoration zone (P01, P03, P04) in summer 2004 was only 3-4 
deg C higher than that of summer 2003, and SET� was almost same level in both summers. Although it was cool 
in summer 2005, SET* became slightly higher because humidity was high. Then, effect on mitigation of thermal 
environment was not confirmed by the data of these three years. Mobile observation for wind direction and wind 
speed using an ultra-sonic anemometer monitored the winds blow to both of south and north directions on the 

Fig.-2   Outlines of meteorological observation around the restoration zone of the Cheong-Gye Stream 
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roads crossing the restored river, while dominant wind along the restored river was westerly. Now the authors 
have an interest of the function of the restored river as a local ventilation system. 
 
3.2 TEMPERATURE  
 
In the collaboration with Tokyo Metropolitan University, the authors have settled 12 shelters (mainly utilizing 
shelters in elementary schools) around the restoration zone and temperature and humidity in every 10 to 15 min. 
have been monitored since middle of June 2003 (before closing the double-decked road). In typical summer days 
(performing intensive observation on thermal comfort index) of the middle of Augusts in these three years), 
difference of temperature between P03 (200m apart from the restored CGC: Cheong-Gye Cheon) and P01 
(beside the CGC) looked turning clear from 2003 to 2004, accompanied by promotion of the restoring operation 
stage. However, it has turned unclear in 2005, a cool summer (Fig.-3). Monitoring in hotter summer like 2004 is 
necessary.   
 
3.3 SENSIBLE HEAT FLUX 
 
Around the Dongdaemun Market, upward sensible heat flux on fine days (12-14 August, 2003 and 26-28 August, 
2005) was measured with a scintillometer on an optical path crossing the Cheong-Gye Cheon Street with the 
length of 75 m by a collaborative research with Pukyong National University and Keimyung University in Korea. 
During the observation term, net radiation reached to 400-600 W m-2 and the sensible heat flux reached 300-500 
W m-2 in August 2003. In August 2005, net radiation reached to 200-400 W m-2 and the sensible heat flux reached 
100-150 W m-2. 
 
3.4 AIR POLLUTION 
 
Fig.-4 shows monthly average of NO2 from January 2001 to October 2005. The air quality standards of NO2 in 
Seoul is 0.05 ppm (the value of annual average); the value of NO2 in Cheong-Gye 4 ga (beside the restoration 
zone) is more than 0.05 ppm during July 2003 to June 2005 (term after the restoration started). It seems impact 
of the operation accompanying traffic jam is more severe than expected. However, it is worth observing 
atmospheric pollutant species, since the value of NO2 at Cheong-Gye 4 ga turned lower after the restoration 
completed (October 2005). Many residents around the restoration zone also mentioned their greatest impression 
on improvement of air quality (like PM). 
 

 
 

Fig.-3   Simple comparison of temperatures around CGC (in the middle of August, 2003, 2004 and 2005) 
CGC: Cheong-Gye Cheon, KMA: Korean Meteorological Administration 
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4. CONCLUSIONS 
 
Though inter-annual climatological fluctuation made it difficult, the authors found some such effects in data of 
sensible heat flux and temperatures measured in shelters settled around the restoration zone. If river restoration 
in urban areas is shown to have an important effect in reducing thermal stress, it will have major implications for 
urban planning. The results of this study could be applied effectively to other Asian mega-cities facing to severe 
heat island problems. Further continuous monitoring is necessary to get data for after the restoration avoiding 
inter-annual fluctuation. Comfortable landscape will accelerate new development for an attractive commercial 
zone. Therefore, change of the atmospheric environment will still continue. 
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Fig.-4   Monthly average of NO2 around the restoration zone (Jan. 2001 - Oct. 2005) 
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Abstract 
 
The purpose of this study was both to pursue a cost-effective approach to developing observation and 
monitoring techniques for studying urban heat island (UHI) in large cities in developing countries, and to 
clarify the effects of municipal parks on mitigating UHI. The results of field observation in 2005 showed that 
the UHIs clearly appear in cloudless days not only in autumn and winter, but also in spring and summer. The 
UHI reached its largest intensity in cloudless night at 22:00-23:00, the UHI intensity was over 3.5� in July. 
That was obviously related to the wind speed and direction. In particular, the lower UHI intensity in park 
developed after 19:30, and the greatest difference of mean UHI intensity reached 1.5� around 21:00-23:00 
between park and residence in central urban area in July and August.  
 
Key words: meteorological observation, UHI mitigation, Shanghai    
 
 
1. INTRODUCTION  
 
As economic development, urbanization and population growth continue, Shanghai, as the largest city in 
China, has experienced a high increasing tendency in the air temperature due to both the global warming and 
urban heat island (UHI) effects. Figure1 shows taht during1984-2005, there have been sharp temperature rises 
in Shanghai and Tokyo, two Asian mega cities. The annual mean temperature in Shanghai has increased over 
1.8� in the past 20 years. Because the global mean surface temperature has increased by between 0.3 and 
0.6� since the late 19th century, many Japanese researchers warned that urban warming in the maga cities 
was most evidently manifested in the "urban heat island effects"( The Japan Times  Sept. 24, 2001).  

Shanghai Meteorological Bureau noted (1998) “along with the development of the city, ‘heat island effect’ has 
become clearer and clearer, and has been the most prominent meteorological development of Shanghai” . 
Recently, the increase of ulmost highest air temperature in the summer due to the UHI has often been 
attributed to causing severe environmental problems in large cities, such as energy shortage, air pollution, and 
deterioration of living conditions in Shanghai. In the other hand, there is considerable agreement about the 
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Fig. 1 The increase of the annual mean temperature in Shanghai and Tokyo (1984-2005)  
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effects of large green space and water spaces for improving the living environment, however very little 
research has been done in Shanghai from 1990. Moreover, makeing urban planning, such as creating "wind 
paths" to let the ocean wind cool the metropolis for mitigating UHI becomes very difficult due to the lack of 
detailed record keeping by the city governments. The needs to document and predict both UHI and the effects 
of large green space in an urban area, in order to find effective methods to mitigate UHI are acute.  
UHI research in large cities in developing countries has just begun (e.g., Deosthali, 2000; Jauregui, 1997; 
Klysik and Fortuniak, 1999). All these studies concluded that a great number of geographical factors are 
involved in forming the UHI and the different spatial forms. So the long-term automated observations have 
been needed to better understand and characterize UHI in the cities they studied. However, establishing and 
maintaining an adequate network of observations in developing countries is very costly. It is well known there 
are much researches on the effects of large green space in an urban area using remote sensing data and 
numerical models recently. Unfortunately, satisfactory analyses only using remote sensing data are lacking. In 
fact, there is no way of measuring the effects of large green space in an urban area in 24 h course and the 
seasonal course without the detaied metrorological data. In the other hand, the policy of giving priority to 
projects to stimulate economy has been carried out in developing countries, no attempt has been made to 
develop the network of observations by the city governments. These hurdles explain why we have not seen 
much success in UHI mitigation in developing countries.     
The purpose of this study was to pursue a cost-effective approach to the development of observation for 
studying UHI in developing countries and to clarify the effects of municipal park on mitigating UHI. The first 
step was to describe a cost-effective approach to monitoring and measuring UHI in Shanghai. The next step 
was to make clear the UHIs spatial forms. The final step was to analyze the the effects of municipal park on 
mitigating thermal environment in summer using the meteorological data. 
 
2. AREA OF INVESTIGATIONS 
 
Shanghai, as a mega-citay covering an area of 6340.5 km2 (2004), 0.06% 
of China‘s total territory. As rapid economic growth and urbanization 
continue, by the end of 2004, Shanghai had a population of 13.5239 
million (according to the residential registration), representing 1.1% of 
China total. The average population density is over 40,000 people/ km2 in 
central urban area (only 750 km2).  
The absolute altitudes of Shanghai City reach only 4m above sea level 
(SE of the city). The area is regarded as relativly flat which is an 
exceptionally advantageous feature for investigations of local climate 
compared with the surroundingds(Fig. 2). In addition, Shanghai has a 
subtropical monsoon climate with four distinct seasons. But, during 1985-
2005 the monthly mean temperature in spring has increased over 2.0�. It 
is anticipated that the mean temperature difference between spring and 
summer has become less. It is as well as the change of mean temperature 
difference between autmn and summer. However there has been no 
substantive report about both urban temperature increase and their 
impacts in Shanghai since 2000. 
 
3. COST-EFFECTIVE MONITORING AND MEASURING UHI 
 
In Japan, a vast amount of UHI observation has been made from 1990. 
Monitoring techniques for document UHI have been studied in considerable 
detail in Japan. The research group made careful 
examination and compared the thermal recorders.  
Acoording to the experiments and 10 years 
experirnce,  the most unanimous conclusion was the 
data-logger measuring air temperature and humidity 
every 10 minutes, put in a breezy shutter, was cost-
effective for UHI studies. Because a data-logger is 
very small and with energy saving device so that the 
installation becomes very easy to carry and establishe 
smoothly. After establishing, there is no maintenance 
and data downloading needs only one person once 

 

 

 

 

Fig. 3 The data-logger installation 

Fig. 2 The area of investigations 
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per 50 days. Figue 3 shows that the data-logger installation is established 
in green space, the thermometry used for weather observation is put in a 
breezy shutter, which is 1.6 meters high from the ground.  
To make clear the dynamics and spatial differentiation of the UHIs in 
Shanghai, the research group established 38 data-logger installations 
covering Shanghai (Fig. 2) as long-term observation stations. All data-
logger installations have been established in the main municipal parks and 
green space in the school and residence nearing the parks (Fig. 4), in 
order to measure the effects of municipal parks on mitigating UHI. The 
data in 10-minute intervals has been recorded since March 2005. 
 
4. RESULTS 
 
The results of our observations indicated that UHIs in windless and 
cloudless night appear throughout the year in Shanghai. However, the 
monthly mean UHI intensity (∆Tu-r) is absolutely different. Figure 5 shows 
the mean UHI intensity in summertime (June, July and August) in 2005. 
From figure 5, the following facts emerge: (1) in June, the UHI intensity in 
daytime was higher than it in night; (2) in July, the UHI reached its largest 
intensity in cloudless night around 22:00-23:00, and the mean UHI 
intensity reached over 3.5°C; and (3) 
in August, the UHI reached its largest 
intensity around 3:00-4:00.  
The UHI intensity and its spatial 
differentiation were obviously related 
to wind speed and direction. Because 
Shanghai has a subtropical monsoon 
climate, and the East China Sea to 
the east, the Hangzhou Bay to the 
south of Shanghai, the frequency of 
ESE SE and SSE wind from the sea 
is extremely high in summertime. On 
the basis of the daily data, the UHI 
intensity became less while ESE SE 
and SSE wind became strong in 
cloudless night. That is one of the 
main reasons of spatial differentiation 
of the UHI. 

In particular, there was a high difference of UHI intensity between park in central urban area and the 
surrounding area. As a sample, figure 6 shows the difference of mean UHI intensity among park, school and 

 
Fig. 4 The main municipal parks 

         in central urban area 
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    Fig. 5 The mean UHI intensity (∆Tu-r) in summertime in 2005 
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Fig. 6 The difference of mean UHI intensity (∆Tu-r) between park and the surroundings in July and August 
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residence in central urban area. From an examination of fig. 6, it proved that after 19:30, the low UHI intensity 
in park in central urban area appeared, the greatest difference reached over 1.5� around 21:00-23:00 between 
park and residence in July and August. In the other hand, the park-effect was different in 24 h course in 
summertime. In cloudless night, the reduction in air temperature became higher. That leads to the conclusion 
that utilizing the effects of municipal parks is helpful in mitigating UHI in night. 
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Abstract 
 
In this study, we analyzed microclimate conditions in downtown Tempe, Arizona, to show the high degree of 
variability in temperature owed to vegetation, density, and street geometry within the built environment in a desert 
city.  Under the auspices of a two-month field campaign conducted from May to July 2005, we collected data from 
22 HOBO weather stations located within a square kilometer of downtown Tempe.  The study area contained the 
most developed part of the downtown core in addition to an historic residential neighborhood characterized by 
mesic landscaping.  Locations within the low-density, highly vegetated residential locations were up to 8°C cooler 
in the early evening to early morning hours than the higher-density, less vegetated urban area just a few hundred 
meters away.  Intra-urban temperatures were related to sky-view factor and canyon geometry.  Compact urban 
canyons were cooler during the daytime than open urban locations.  Conversely, urban locations with a high sky-
view factor were typically cooler during the evening hours.  Our results suggest that in the urban southwest, 
increasing density may increase nighttime temperature, leading to greater energy requirements for cooling, which 
may offset some of the benefits gained by densification. 
 
Key words: microclimate, arid environments, urban planning 
 
 
1. INTRODUCTION 
 
Thermal comfort is a vital component of urban livability, although the use of climate knowledge in the planning 
process is often limited or incomplete (Eliasson 2000).  Beyond its obvious effect on humans, uncomfortable 
outdoor spaces can increase reliance on air conditioning in interior spaces, leading to increased energy 
consumption and air pollution.  In addition, air conditioning creates anthropogenic heat within the urban fabric, 
which can increase ambient air temperatures.   
 
The urban heat island (UHI) effect is the most commonly cited meteorological phenomenon associated with urban 
development.  However, some suggest the term “urban heat archipelago,” better describes the thermal 
modification owed to urbanization due to the heterogeneous land-use and vegetative characteristics present in 
close proximity throughout most cities.  That is, microclimate conditions vary markedly throughout a city, 
dependent on many factors.  Chief among these are vegetation (e.g. Huang et al. 1987) and urban canyon 
geometry (e.g. Oke 1981).  Increased vegetation generally reduces air temperatures helping ameliorate the UHI 
effect.  Moreover, shade afforded by trees can help make the urban environment more comfortable by shielding 
pedestrians from intense solar radiation, a concern especially relevant in hot desert climates (Shashua-Bar and 
Hoffman 2003).  Of course, shade can also be provided by a dense urban fabric (e.g. Pearlmutter et al. 1999, 
Bourbia and Awbi 2004).  This can lead to enhanced pedestrian comfort within an urban area (Pearlmutter et al. 
2006).  However, dense urban forms usually increase ambient air temperatures due to the relationship of 
temperature to sky-view factor (SVF) and building height to street width (H/W) ratios in urban canyons.  Narrow 
urban canyons can act as heat traps due to multiple solar reflection and lower albedo, poor ventilation, higher 

heat storage of impervious surfaces, and less effective 
nighttime release of longwave radiation (Terjung and 
Louie 1973, Oke 1988).   
 
In hot desert climates, any additional heat stress within 
the urban fabric exacerbates is undesirable.  Given 
this, it is imperative to perform microclimatic analysis 
and modelling studies within urban areas located in 
desert environments.  In this study, we focus on a 
small city within the rapidly growing Phoenix 
metropolitan area, Tempe, Arizona.  More than any 
other Phoenix municipality, Tempe is encouraging 
higher density, transit oriented development (TOD).  
We believe this will have a significant effect on the 
thermal climate of downtown Tempe.  Accordingly, we 
performed a two-month microclimate study over a 
square kilometer area of downtown Tempe that 
encompassed a heavily vegetated residential 
neighborhood and significant variability in urban form.     

Figure 1.  Mean monthly temperature and 
precipitation at Tempe, Arizona based on 1971-2000 
averages. 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

366



 
2. STUDY AREA  
 
The two-month microclimate field campaign was conducted in Tempe, Arizona, USA (33°25' N, 111°55' W).  
Tempe is a small city located within the rapidly growing Phoenix metropolitan area and is home to Arizona State 
University.  The city has approximately 160,000 residents (2005 estimate) spread over ~100 km2.  Because the 
city of Tempe is essentially landlocked, city officials and planners 
are promoting higher density development, mainly near the 
University and adjacent downtown area, to increase tax revenue 
and remain competitive among Phoenix suburbs in attracting new 
residents.   
 
The climate of Tempe is quite representative of the Sonoran 
Desert, with mild winters, extemely hot summers, and a bi-modal 
precipitation regime (Fig. 1).  On average, about 60 days per 
year feature maximum temperatues ≥ 40°C.  Meanwhile, the UHI 
effect has increased nighttime temperatures throughout the 
Phoenix metropolitan area (Brazel et al. 2000), exacerbating 
thermal discomfort. 
   
3. DATA COLLECTION 
 
In May 2005, 18 HOBO data loggers were placed around the 
study area.  An additional four sensors were set up a few weeks 
after the study began to capture better the “urban to rural” 
gradient from the heavily vegetated Maple-Ash neighborhood to 
downtown Tempe. In Fig. 2, a map of downtown Tempe showing 
the location of each HOBO data logger is presented.  There were 
seven data loggers placed in the Maple-Ash neighborhood (sites 
16-22), while site 15 was located at the transition between the 
residential area and downtown Tempe.  The remaining data 
loggers were positioned around the downtown area to capture a 
variety of urban environments (e.g. albedo, SVF, H/W ratio, 
vegetation coverage, etc.).  The HOBO data loggers recorded air 
and dewpoint temperature between May 13 and July 19, 2005.  
Following Whiteman et al. (2000), we have high confidence that 
the HOBO sensors were able to accurately resolve microclimate 
conditions throughout the duration of our study period. 
 
4. RESULTS 
 
There was considerable microclimatic variation throughout the 
one square kilometer study area.  A particularly interesting 
example of this is seen in an investigation of the thermal 
conditions experienced during a late spring heat wave between 
May 20 and 23, 2005.  During this time, the maximum 
temperature at the official National Weather Service (NWS) 
station at Sky Harbor Airport averaged 42°C, well ab ove the 
normal value of 35°C.  In fact, record high tempera tures were 
observed on three consecutive days (May 20-22).  During this 
time period, microclimatic conditions in Tempe were quite 
variable.  In Fig. 3, the air temperature for the period May 19-23 
at Tempe City Hall (site 4) and a residence from the Maple-Ash 
neighborhood (site 22) located less than a kilometer away is 
shown.  The environment around four data loggers, including 
sites 4 and 22, is shown in Fig. 4.  For the five-day period, the 
City Hall location had a maximum temperature about 3°C higher 
than the nearby residential neighborhood; minimum temperatures were 3.5°C higher.  The effect of veget ation 
likely explains the difference between the urban and residential location.  Both sites had relatively high sky-view 
factors, but abundant trees, bushes, and a large grassy surface characterize the environment around site 22 (Fig. 
4).  As illustrated in the top panel of Fig. 3, there was little temperature difference between the Maple-Ash and 
downtown location in the mid-morning hours (between 7:00 and 10:00 LST).  After this time, the urban location 
was consistently warmer throughout the afternoon hours.  Notably, the urban location typically reached its 
maximum temperature about 1-2 hours before the residential location.  Our analysis suggests that the later 

Figure 2.  Aerial map of downtown Tempe 
showing the location of the 22 HOBO data 
loggers (black circles). 
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occurrence and lower value of the maximum temperature 
at the Maple-Ash site is due to significantly higher 
dewpoint temperatures in the residential areas.  For 
instance, the morning dewpoint temperature was 
approximately 3 to 5°C higher at the Maple-Ash 
residence than at the Tempe City Hall location.  It is likely 
that stronger latent heat exchange at the residential 
location explains the different temperature curve 
compared to the downtown location. 
 
A comparison of the City Hall location with an urban 
canyon site located approximately 300 m away is shown 
in bottom panel of Fig. 3.  Unlike the residential location, 
the urban canyon does not have significantly lower 
minimum temperatures than the City Hall site.  In fact, the 
average minimum temperature within the urban canyon 
was 0.6°C higher.  However, the maximum temperature  
was clearly lower, presumably from reduced solar gain 
within the relatively compact canyon.  Maximum 
temperatures during the May 19-23 heat wave were 
approximately 4°C lower in the urban canyon compare d 
the City Hall site.  As with the residential location, the 
timing of the maximum temperature was also 
considerably later, typically peaking at 18:00 LST 
compared to 15:00 LST for the City Hall location.  
Another difference between the three sites is the diurnal 
temperature range (DTR).  The DTR within the urban 
canyon was 4.6°C lower than the Maple-Ash site and 
4.1°C lower than the City Hall location.   
 
The urban canyon location was consistently cooler in the 
daytime during the mid-May heat wave than any of the 
other sites (not shown).  In fact, site 14 averaged about 
2-4°C cooler during the daytime compared to just ab out 
every open urban location.  This strongly suggests that 
the compact urban form within this harsh climate may be 

a means to reduce daytime heat 
stress.  However, it is important 
to note that minimum 
temperatures within several of 
our studied urban canyons were 
warmer than urban sites with 
high SVF.  Moreover, each 
urban site had higher average 
minimum temperatures than any 
Maple-Ash residential location.  
The Maple-Ash locations seem 
to act as a “cool island” during 
both day and night.  In several 
instances, 21:00 LST 
temperatures were 5-8°C lower 
within the Maple-Ash 
neighborhood than they were in 
downtown Tempe.  Obviously, 
this is due to the abundant 
vegetation of the historic 
neighborhood.  However, in 
planning for future growth, water 
use is a vital concern in desert 
climates.  Therefore, using 
Maple-Ash as a model for new 
developments may not be an 
ideal solution. 
 

Figure 3.  Air temperature at three Tempe locations 
between May 19 and 23, 2005.  This time period 
corresponded to an early summer heat wave. 

Figure 4.  Four microclimate study sites in Tempe.  Clockwise from top left: 
Maple-Ash residence, City Hall, Street median, and an urban canyon. 
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The features noted above from the May heat wave are also present in averages that span a longer time period.  
In Fig. 5, the average hourly temperature for May 13-June 24, 2005 at the four sites documented in Fig. 4 is 
presented.  In this instance, we have highlighted site 7, which was located in the median strip separating north 
and southbound traffic on Mill Avenue in downtown Tempe.  As demonstrated in Fig. 5, this location is 
consistently warmer than each of the other sites is during the evening hours.  Throughout most of the day, Mill 
Avenue is backed up with automobile traffic.  Given that the street is oriented north-south, ventilation is poor 
within the canyon due to blocking of the prevailing wind direction.  The City Hall location is warmer during the mid-

afternoon hours, but because it is a more open site, 
evening temperatures decrease faster than the in the 
middle of Mill Avenue where automobile heat release 
builds up.  A notable result obtained from Fig. 5 is that 
there is almost as much temperature variation during the 
mid-afternoon as there is during the early morning 
hours.  Commonly, the UHI effect is thought of as a 
nocturnal phenomenon.  However, in this study, we 
observed a 3-4°C difference among sites during the 
daytime.  In addition, there is considerable intra-urban 
variability in temperature.  While we expected the large 
nighttime difference between the residential 
neighborhood and the urban locations, we were 
surprised at the pronounced differences among urban 
sites during all hours of the day. 
 
5. CONCLUSIONS 
 
In this analysis, we have identified distinct microclimates 
within downtown Tempe and an adjacent residential 

neighborhood.  Given the strong promotion of higher density urban forms within Tempe, we believe that a closer 
examination of the relationship between microclimate and urban form within hot desert environments is 
warranted.  While many have noted the tendency for compact urban canyons to act as a “cool island” during the 
day, there is also evidence to the contrary.  Additionally, the interaction between street orientation, geometry, and 
vegetation is quite complex.  Though much of downtown Tempe contains relatively abundant vegetation, it is 
difficult to gauge how important this is in modulating microclimate.  It seems that street orientation and geometry 
(SVF, H/W ratio) are more important in determining downtown Tempe microclimate.  However, in the nearby 
Maple-Ash residential neighborhood, temperatures were consistently lower throughout the day, even though 
these locations have relatively high sky-view factors.  The locations in downtown Tempe with high SVF were the 
hottest locations in the study during the daytime, but cooled off more rapidly than urban canyon locations during 
the evening hours.  In summary, this preliminary research revealed that urban planning and design for the city of 
Tempe, and desert cities worldwide, might benefit from microclimate field studies to help improve thermal comfort 
within the urban fabric. 
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Figure 5.  Average hourly air temperature, May 13-
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Abstract 
Temperature maps of the difference between long-term mean monthly and recent monthly means of summertime 
temperature trends in California Central Valley (CCV) Cites of San Jose, Modesto and Sacramento showed a 
statistically significant increase of 0.36, 0.26, and 0.28 oC per decade, respectively. To demonstrate the 
hypothesis of a regional climate change due to land use for urbanization, a detailed mesoscale modeling effort of 
the CCV atmospheric dynamics has been conducted, with an emphasis on the heat island and temperature 
diurnal cycles.  The Regional Atmospheric Modeling System (RAMS) is used as the simulation tool and was 
configured using four grids (0.9 km finer grid).   
 
Key words: Urban heat island, California, Central Valley, Sea Breeze 
 
1. INTRODUCTION  
Urban heat islands (UHI) have been extensively studied using observational data (e.g. Bornstein 1968; Jauregui, 
1997) and numerical simulations (e.g. Dixon et al. 2003). Urban growth, anthropogenic heat generation, and 
global warming contribute to increasing urban temperatures and associated health dangers.  The development of 
urban heat islands will also have lasting effect on energy usage through air-conditioning, water usage and 
resource allocation, and general urban planning.  These heating effects are mitigated by local climate and 
weather patterns, and implementation of local land use practices.  The current work identified local heating trends 
for San Jose and northern San Joaquin Valley cities. The long-term climatology maps showed an increase of 
temperature trends by an average 0.6-1.7 oC over the locations considered at an average rate of 0.3oC per 
decade in the northern San Joaquin valley cities (Lebassi et al. 2005).  Modesto and Sacramento had shown a 
similar pattern of increasing temperature, San Jose had the highest rate of increase while in contrast Stockton 
experienced cooling.  The sea surface temperatures (SSTs) in the region did not change significantly during the 
60 years period (Fig. 1).  This problem is of particular importance since urban growth has accelerated rapidly in 
the California Central and San Joaquin Valleys exposing larger populations to high levels of heat and pollution. To 
improve the predicting capabilities for these processes, to ameliorate human effects, and to outline better urban 
growth, it is necessary to develop detailed micro scale atmospheric models of urban settings dynamically coupled 

to regional models.   
 
Fig. 1. Historical time series mean 
summer temperature trends for 
Sacramento city, Stockton and the 
SST 

 
This research paper focuses on 
the relationship of land use in 
developing urban heat islands in 
the Northern San Joaquin Valley 
(SJV) cities in general and in the 
Sacramento city in particular.  To 
provide an understanding of the 

atmospheric dynamics in the region, the mesoscale atmospheric modeling system (RAMS) was used. The effect 
of heat island on the sea breeze is considered in the study as the city of Sacramento is located open to the flow 
through the Carquinez strait which connects the San Francisco Bay with the California Central Valley.   
 
2. RAMS OVERVIEW 
The mesoscale model we used is the RAMS model.  This is a highly versatile non-hydrostatic numerical model 
developed at Colorado State University.  It solves the Reynolds-averaged primitive equations, which are 
described by Walko and Tremback (2001).  The model uses a quasi-Boussinesq approximation, and “time-split” 
time differencing (Pielke 1984) and the Arakawa C staggered grid in which thermodynamic and moisture variables 
are defined at the grid volume center, and velocity components are defined at half grid points (Mesinger and 
Arakawa 1976).  A Polar stereographic map projection is used for the horizontal grid domain, and a terrain-
following sigma coordinate system with variable grid spacing is used in the vertical in order to increase the 
resolution near the surface.  The RAMS model can be initialized as variable field model initialization, where the 
four dimensional data assimilation (4DDA) uses time series of gridded variables of horizontal wind, potential 
temperature, and relative humidity values that are analyzed from either observations or large-scale model 
forecasts (e.g. NCEP, ETA). 
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3. SYNOPTIC CONDITIONS   
The North Central California coastal region during spring and summer is characterized by northwesterly flow, 
which arises due to the high pressure system sitting over the northeastern Pacific about 1000 km northwest of the 
California coast, and a thermal low pressure centered over the southwestern United States desert.  Subsidence 
associated with the Pacific high, coupled with the turbulent mixed marine layer, results in a strong inversion on the 
top of the MPBL (Burk and Thompson, 1996).  The dynamics of this region is further complicated by the existence 
of a low level jet (LLJ) centered at 300-700m above the sea surface along the coast.  The core of the jet lies 
within the strong steeply sloped inversion at the top of the MPBL (Bridger et al.  1993). During our simulation 
period of 16-19 June 2005 the synoptic conditions did not change much over the San Francisco Bay Area except 
for the first day in which there was a light rain. The next three days of the simulation period were characterized by 
an offshore flow and relatively stable atmospheric conditions. 
 
4. METHODOLOGY  
 
4.1. Methodology Overview 
Simulations with RAMS (version 4.4 & 6.0) have been performed for the research study in this paper.  For all 
cases, a four day simulation period was chosen based on the Naval Postgraduate School (NPS) wind profiler data 
from Fort Ord.  All simulations cover the period 0000 UTC 16-19 June 2005 with synoptic comparable to the 
observational climatological study of the northern San Joaquin Valley by Lebassi et al. (2005) for the summer 
months of June, July and August.  Two cases were chosen varying the land use and land cover of the region.  
RAMS simulations of the two cases were conducted, and model results were validated against and compared to 
observational data.  The results were then examined for the existence of heat Islands in the region. 
 
4.2. Case Description 
Our two case studies are designed to examine relevant unsolved problems. Previous observational research has 
been able to detect a heating trend of the Northern Central Valley cities (Lebassi et. al. 2005) in the case of 
summertime months. We used RAMS to answer the outstanding questions about the UHI in Northern Central 
Valley and the effect of the heat island on the sea breeze from Central California. This region has bays with a 
non-linear coast and complex inland topography that can influence both the sea breeze and theUHI.  Our center 
of model is the city of Sacramento. The onshore pressure gradient produced by differential land-sea heating 
causes a sea breeze to occur along practically the entire California coast. However, except for certain low-lying 
gaps in the mountains where marine air can flow inland, the Coastal Mountains effectively block marine 
penetrations into the Central Valley.  
 
The city of Sacramento is located in the northern half of the broad Central Valley of California. The Coastal 
Mountain Range, with average elevations of 760 meters, lies 60 kms to the west of Sacramento, while the 
Siskiyou Mountains lie 240 kms to the north and the Sierra Nevada Mountains are 45 kms to the east. Southward, 
the Valley extends, uninterrupted, for 420 kms ending against the Tehachapi Mountains. The Valley floor is 
essentially flat, with elevations seldom above 60 meters. Off the coast, the ocean bottom drops rapidly. The 
California Current, driven by the steady northwesterly flow around the eastern edge of the Pacific high, flows 
southward along the California coast. Coriolis effects acting on the current impart a general offshore movement to 
the surface water inducing a pronounced upwelling of deep, cold water off the coast. The upwelling produces a 
band of cold water approximately 120 kms wide off San Francisco. Surface water temperatures during July are 
only about 12 deg C.  

Fig. 2: (a) Potential land 
use for California (b) 
Current land use 
classification of grid 4 
 
A four days simulation 
period was picked in the 
month of June and two 
case simulations with two 
different land use scenarios 
had been conducted. The 
first land use scenario was 
done for the current 
structure of the city of 
Sacramento hereafter 
called case 1.  The second 

case simulation was a reconstruction of the land use for the whole California during the pre-urban period structure 
of the city of Sacrament to reflect the pre-urbanization 60 years ago, hereafter will be called as case 2 (Fig. 2).  
We used a 1 km digital map of potential vegetation described in detail by Schmidt et al. (2002) and based on a 
terrain-matched refinement of Kuchler’s (1975) Potential Natural Vegetation (PNV) map of climax vegetation 
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types. The original Kuchler map was created on the basis of current vegetation and historical information and 
represents the vegetation that would exist today if men were removed from the scene, or vegetation that would 
occur if influenced by only natural processes such as weather, fire, topography and soils (Kuchler, 1964). 
Because the original hardcopy of the Kuchler map was not developed in a GIS setting, resulting in spatially 
inaccurate polygons, an attempt to improve its spatial consistency and accuracy was made by redefining polygon 
boundaries with 500 m Digital Elevation Model, 4th  Code Hydrologic Unit delineations, and Ecological Subregions 
(Bailey's Sections). The procedure for the creation of the digital map of potential vegetation also included the 
aggregation of the original 118 Kuchler PNV Classes into 63 Kuchler PNV Groups classes based on similar 
vegetation types. The PNV groups present over the study area were then cross referenced to the 21 LEAF-3 
classes so that the potential land cover data could be seamlessly ingested into RAMS Fig. 2a.  
 
4.3. Model Setup 
The RAMS simulations focused on the analysis of the heat island in northern California Central Valley. For this 
purpose, a nested-grid configuration was implemented.  The outer model domain was extended eastward to 
include most of the western United States, and westward a considerable distance seaward.  Finer nested grids 
were applied over the area of interest in order to obtain meteorological fields at high resolution.  Four nested grids 
were chosen to select important physical features of the meteorology.  The domain for the outer grid was set to be 
large enough to capture the synoptic high pressure systems important for our simulation cases.  The second grid 
was selected to capture the Sierra Nevada mountain range and its influence on the dynamics, and the third grid 
was chosen to resolve the details of the coastal mountains near Sacramento.  The fourth grid focused on the city 
of Sacramento itself.  The detailed configuration that was selected and applied to the specified periods of 
simulation is summarized on table 1. All grids were centered at the domain coordinate of 36.80o N and 120.78o W 
(Sacramento).  Concerning the vertical structure, the grids were identical. In detail, 50 vertical layers with grids 
above the first level increase by a grid stretch ratio of 1.2 and 10m initial resolution had been used.  The vertical 
resolution was dense in the lower levels, and became increasingly coarse toward the top of the domain, which 
was set at 30 km.  
 
5. RESULTS 
 
5.1. Model Validation 
To have confidence in the simulations, a validation of the model results against available observations was 
carried out.  For the specified simulation period, the model reproduced the synoptic scale forcing, namely the 
locations of the high and low pressure systems very well.  To gain insights into how well the model simulation 
depicted the thermal forcing of the low-level flow, the model surface temperature and wind speed fields were also 
compared to observations.  Time series of surface temperature (hereafter temperature) of the station at 
Sacramento city was examined.  The station at Sacramento was taken as a representative station of the inland 
valley.  The model captured the day and night temperatures very well with the exception of the morning daytime 
spikes observed on the second and third days (Fig. 3).   Both the daytime and nighttime model temperatures were 
in good agreement with observations except for small deviations just before sunrise on the third and fourth nights 
of the simulation. This could be attributed to the proximity of the stations to the Carquinez Strait, which allows 
cool, foggy air from the Pacific to create a strong nighttime inversion near the ground in the Central Valley near 
the California Bay-Delta. The first day peak in temperature was washed out due to light rain on that day.  At the 
inland valley stations of Sacramento, time series plot of the comparison of model versus observation of 
daytime/night wind speed showed good agreement (not shown). The Oakland sounding station was used also to 
validate the vertical profile of the simulation setup. Comparison plots of model and observation at Oakland airport 
were also in good agreement (not shown). The model had captured the inversions and stabilities in the vertical 
profile. 

 
  Fig. 3: Model vs. Observation time series comparison for 
Sacramento Surface temperature  
 
5.2. Model Results 
In order to analyze the effect of land use change between 
case 1 and case 2 of this research study, difference maps 
of the wind and temperatures were produced.  During 
0000 UTC 19 June 2005 , the high resolution (grid 4) plot 
of wind and temperature difference maps of cases 1 and 
case 2 showed and increase on both the wind and 
temperature fields. Heat had been advected from the city 
towards the eastern side of the Sierras with the increase 
heat island increasing the sea breeze from Central Valley. 
The increase in the winds is 1- 2 m/s and the increase in 
temperatures is 0.5 to 10C. It is interesting to see that 

during 1200 UTC 19 June 2005, the heating had been localized to the central part of the city with the down slope 
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winds from the eastern side of the Sierras and the western part of the coastal mountains converge at the central 
part of the city.   
 
For case 2 although the aforementioned studies covered a broad class of situations, it is instructive to pay more 
attention to the case of inland UHIs at Sacramento located away from the shore. As stated earlier, the interaction 
with sea-breeze flows shows different dynamics as compared with coastal UHIs. Therefore, given the large 
number of situations in which cities are located several tens of kilometers away from the shore, focusing on inland 
UHIs seems particularly appropriate. The main objective of this case was to include the effect of state wide 
change of land use land cover on the UHI.  The temperature difference maps at 1000mb for case 2 show more 
consistent increase of the temperatures on the eastern side of the Sierras.  There is an in crease of 0.6-1.8 
degrees in temperature (Fig. 4a). The wind speed difference maps are also shown on figure 4b. The wind speed 
over the city had been decreased by 1-2 m/s due to the increase in roughness from the city. These results are 
consistent with the long term observations wind speed time series plot of Sacramento.  

 
Fig. 4. 1000mb difference maps and wind vectors. (a) temperature difference (b) wind speed difference , between 
the pre urban and current. (black vectors current, white pre urban) 
 
5. SUMMARY AND CONCLUSIONS 
Results of the simulation were presented as changes between the results for the present LCLU scenario and the 
primitive natural LCLU scenario.  Results clearly indicate temperature and sea breeze increases at the time when 
the sea breeze and UHI are expected to peak (15-18 summer local time).  Results also clearly indicated 
temperature increases in the order of 0.8-1.0°C on the hills east of Sacramento.  This temperature increase 
generates a low pressure that accelerates the sea breeze from the San Francisco Bay Area.  The warm sea 
breeze increase is mixed with additional cold air from the Sierra Nevada generating a mixing and convergence 
zone caused by the changes in land cover.  The net wind speed increase ranges between 1 and 6 m/s. 
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Abstract 
An observational field campaign was designed and executed in February 2004 to investigate the presence of an 
Urban Heat Island in San Juan, Puerto Rico.  The field campaign included airborne high resolution infrared 
sensors, ground stations, and upper air balloons. The ground sensors were installed in strategic localities to 
observe climatic variations through the urban and rural landscapes during the days of the field campaign.  The 
temperature differences time series of the ground stations located in urban and rural areas demonstrates that the 
Urban Heat Island (UHI) peaks during the morning between 10:00am and the local noon to an average of 4.5ºC. 
Also, a high variability of the UHI with the precipitation pattern is observed, even for short events. A mesoscale 
model was configured for San Juan and executed for the days of the mission.  The simulations were validated 
with remote and station data.  Simulations were executed for the present land and for the potential natural 
landscapes revealing that the land use for urbanization is generating a low pressure system that is increasing the 
sea breeze.  The temperature increase seems to be overcoming the increase in sea breeze.  
 
Key words: Tropical Coast, Modeling, UHI 
 
 
1. INTRODUCTION  
 
The most clear local indicator of climate change due to urbanization is a phenomenon called Urban Heat Island 
(UHI). The UHI is defined as a dome of high temperatures observed over urban centers as compared to the 
relatively low temperatures of the rural surroundings (see Figure 1). These temperature contrasts are greater in 
clear and calm conditions, and tend to disappear in cloudy and windy weather by effects of thermal and 
mechanical mixing. Between the factors that might cause the formation of a heat island is the intensive use of 
asphalt and diverse construction materials, mainly concrete, metals, glass, among others. 

 
Figure 1 Schematic of the profile of temperatures typically observed in the San Juan Metropolitan Area. 
 
UHI effects of diverse magnitude have been reported for a number of cities (Landsberg, 1981; Tso, 1995; 
Jáuregui, 1997; Poreh, 1996). Although each city is exposed to diverse local and synoptic factors, that cause that 
the study of the UHI be complex and specific to the locality, the general pattern is very similar. Several 
climatologic and observation studies have concluded that the UHI can have a significant influence in mesoscale 
circulations and the resulting convection. An important effect of the great cities around the world that is being 
recently studied is the one of precipitation induced by the heat island.  An earlier climatologic analysis of air 
temperatures at 2 meters above ground level in San Juan, Puerto Rico was conducted calculating the difference 
between the daily averages of minimum, maximum, and average values from urban and rural cooperative stations 
(Velazquez et al 2005). The consistent presence of positive values was a clear and simple indication that the 
temperatures in the city are greater than the temperatures in the countryside, and the positive slope of a linear 
regression calculated indicates that this difference could be intensified if the present and past conditions persist 
without mitigation and suitable public policies of urban development. These results motivated the development of 
the San Juan Atlas Mission to determine more particular characteristics and patterns of the urban heat island in 
San Juan. This extended abstract focuses on the validation of a regional atmospheric model for UHI studies, and 
its subsequent use to analyze the effects of such LCLU changes in San Juan. 
 
*Corresponding author address: Jorge Gonzalez Cruz, Santa Clara University, Dept. of Mechanical Engineering, 
Santa Clara, CA, 95053; e-mail jgonzalezcruz@scu.edu 
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2. OBSERVATIONS   
 
The information provided by the weather balloons launchings and the synoptic information provided by the 
National Center for Environmental Prediction (NCEP) demonstrate that during the days of the mission the mid and 
upper atmosphere in the Caribbean were relatively dry and highly stable (not shown), an ideal condition to 
conduct urban heat island studies. The model results were validated with the observations obtained during the 
Atlas Mission experimental campaign conducted in Puerto Rico during the month of February 2004 (Gonzalez et 
al 2005). These observational data consist of weather stations and temperature sensors placed in strategic 
locations throughout lines that follow the climatological pattern of the northeastern trade winds, and the weather 
balloons launchings performed regularly by the San Juan National Weather Service office. More details of the San 
Juan Atlas Mission and some of the data collected can be found in Gonzalez et al (2005) and in 
www.cmg.uprm.edu/atlas. 
 
3. NUMERICAL EXPERIMENTS 
 
The main objective of the numerical simulations presented here is to investigate the impact of land usage for 
urbanization on different environmental variables at local and regional scales. The approach used includes the 
configuration of a mesoscale atmospheric model, validation of the control simulations with the Atlas Mission 
observations, and quantify the impact of the land cover/land use (LCLU) by the cities. The regional model used for 
the study presented in this document is the Regional Atmospheric Modeling System (RAMS), developed at 
Colorado State University (Pielke et al. 1992, Cotton et al. 2003). 
 
3.1. Brief model overview 
 
RAMS is a highly versatile numerical code developed to simulate and forecast meteorological phenomena. The 
atmospheric model is constructed around the complete system of not-hydrostatic dynamic equations that govern 
atmospheric dynamics and thermodynamics, and the conservation equations for scalar quantities such as mass 
and humidity. These equations are complemented by a wide selection of parameterizations available in the 
model. The version of RAMS used in this investigation contains an upgraded cloud microphysics module 
described by Saleeby and Cotton (2004), an advance of the original package available in the current model 
release (Meyers et al. 1997, Walko et al. 1995). 
 
3.2. Model configuration 
 
The simulations were conducted with three nested grids. Grid 1 covers great part of the Caribbean basin with a 
horizontal resolution of 25 kilometers. Grid 2, which is nested within grid 1, covers the island of Puerto Rico in 5 
km of horizontal resolution. Grid three is nested within grid 2 and centered in the city of San Juan with a resolution 
of 1km (see Figure 2a). For the vertical coordinate, all the grids have the same specification. A vertical grid 
spacing of 100 meters was used near the surface and stretched at a constant ratio of 1.1 until a ∆z of 1000m is 
reached. The depth of the model is approximately 22.83 kilometers with 40 vertical levels. The cloud microphysics 
humidity complexity was set at the highest level. All simulations were forced with the same initial conditions and 
variable lateral conditions for the period of February 10 to the 20 of the year 2004, as given by the NCEP-
Reanalysis atmospheric fields. The use of this regional atmospheric model already has demonstrated to produce 
satisfactory results in the Caribbean basin, simulating the precipitation pattern in the island of Puerto Rico in 
months of the early rainfall season (Comarazamy, 2001). 
In order to quantify the impact of the LCLU change in the metropolitan area of San Juan, three different scenarios 
were configured. First the standard USGS specification of the surface characteristics used in regional 
atmospheric models was specified. Then one of the model sub-routines was modified to represent the urban 
extension and configuration of San Juan as it was observed from aerial photography. The third configuration was 
design to represent the possible natural vegetation of the zone occupied by the city interpolating the surrounding 
vegetation covering all the area. The runs were denominated Present, Urban, and Natural, respectively. The 
variable modified for these numerical simulations was the denominated Vegetation Index defined by the 
Biosphere-Atmosphere Transfer Scheme (Dickinson et al 1986), this index includes the physical parameters of 
albedo, emissivity, leaf area index, vegetation percentage, surface roughness, and root depth. The configuration 
of the LCLU index used in the three simulations is presented in Figure 2b. 
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Figure 2 (a) Model grids used in the numerical simulations to investigate the impact of the urban LCLU in the local 
climate. The topography contours have an interval of 150 meters in the three panels. (b) Specification of the 
surface characteristics used in the two runs of the atmospheric model used for the present analysis, the natural 
(top) and urban scenarios (bottom). 
 
4. RESULTS 
 
4.1. Model validation: comparison with observation 
 
The validation of the mesoscale model was performed by comparing the air temperatures at 2 meters above 
ground level produced by the simulation Urban with the values recorded by the stations, and by comparing the 
vertical profiles of temperature and wind speeds with the data from balloon launchings by the National Weather 
Service in San Juan. The daily temperature cycle presented in Figure 3 was obtained by averaging the 
temperature values predicted by the model over the entire area represented by the city at each hour for the 
duration of the Atlas Mission, and compared with the stations averaged over the same geographical area and 
time span (Feb. 11-16 2004). This comparison shows that the model performs satisfactorily even though it 
produced temperatures higher during the heating hours. This over prediction could be explained by the use of a 
homogenous urban LCLU in the model, and therefore it is not capturing the different microclimates present in the 
metropolitan area thus producing a more uniform temperature distribution throughout the area. The vertical 
profiles in Figure 4 show the comparison between the model results and the sounding data performed on the 
dates when the San Juan Atlas Mission flights took place. On every panel it is seen that the model follows the 
general pattern of the observations, especially in the case of the temperature profiles. In the case of the wind 
speeds, the model performs very well at mid to high altitudes, capturing the low level jet present at approximately 
14.5 Km. Near the surface however (below 2 Km) the model, like noted before, follows the general trend of the 
sounding. 
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Figure 3 Comparison of the air temperatures between the regional model results and the stations and sensors 
deployed in the San Juan Metropolitan area. 
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Figure 4 Simulated temperature (ºC) and wind (ms-1) profiles (solid line) in comparison with the NWS balloon data 
(open squares) for (a) Feb. 11 2004, 12 Z, (b) Feb. 14 2004, 00 Z, and (c) Feb. 16 2004, 12 Z 
 
4.2. Results 
 
To study the impact of the urban LCLU on the temperatures of the San Juan Metropolitan Area (SJMA), an 
analysis of the air temperatures at 2-m above ground level (AGL) was performed with the results produced by the 
scenarios Urban and Natural. The analysis consists of calculating the difference of the values averaged during the 
period of greater heating, considered to be 3pm in this case, with the following operation: Urban-Natural. In order 
to visualize the effect of the slab of concrete that represents the city of San Juan on the wind pattern, a similar 
procedure was followed with the diurnal cycle of the marine/land breeze circulation. The results of the analysis of 
air temperatures are shown in Figure 5a. Here it is shown that the atmospheric model predicts that the presence 
of San Juan has an impact in the low atmosphere of the area occupied by the city, this impact is reflected in 
higher temperatures for the simulations that have a specified urban LCLU in the bottom boundary. This 
temperature difference occurs, with positive values of up to 2.5ºC, mainly downwind of the city. This spatial 
pattern can be explained by the presence of the northeasterly trade winds during the afternoon (see Figure 5c). 
The three simulations produced the same daily cycle for wind pattern, characterized by a strong influence of the 
mentioned trade winds. Nevertheless, differential heating between the Atlantic Ocean and the north coast of 
Puerto Rico induced an inland circulation during the day and a wind direction inversion at night. Both circulations 
showed a slanted pattern of approximately 45º due to the synoptic influence. The impact of the presence of model 
grid cells that specify an urban LCLU is also significant. In Figure 5b it can be observed that the difference of the 
wind field between the two scenarios being analyzed lies essentially over the area covered by the city, and in the 
direction of the prevailing winds. The effect is that of accelerated wind reflected in an increment of the wind 
vectors, in the order of 3 ms-1. 

 

 
Figure 5 (a) Spatial distribution of the air temperature difference (ºC) at 2m AGL between the Urban and Natural 
scenarios simulated for the analysis. (b) Average differences in the modeled wind fields calculated at 3pm. (c) 
Wind field averaged at 3pm, local time, during the complete period of simulation of the Actual run. 
 
Gonzalez et al (2005) reported that the SJMA UHI was affected by the occurrence of a short and weak 
precipitation event that station data showed to be localized in the city vicinities. In the present study it was 
interesting to find that the model was able to capture a small amount of accumulated precipitation just southwest 
of the city in the model run Urban (Figure 6, left panel). A comparison with the total accumulated precipitation 
produced with the simulation Natural showed that part of that precipitation was not present in this latter run 
(Figure 6, right panel). A simple qualitative comparison of the vertical wind fields simulated by the two runs 
presented in the analysis shows that the Urban run produced slightly more vigorous motions just over the city that 
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the Natural runs (Figure 7). The cross section are presented north to left (right to left in each panel) and cover 
roughly the area of the city to facilitate visualization, since further south there is a lot of vertical activity due to 
orographic effects (see Figure 2a). We believe that the vertical w field is responding to the increased heating 
showed in Figure 8 and advection occurs due to the approaching northeasterly winds. 

 
Figure 6 Total Accumulated precipitation for the Urban run for Feb. 14 (left panel, in mm) and precipitation 
difference between the model runs Urban-Natural. 
 

 
Figure 7 Simulated vertical motion fields (ms-1) during Feb. 14 2004 at specified times, by the runs Urban (left 
panels) and Natural (right panels). Early morning hour panels were omitted because they did not provided much 
information since very little activity occurred.  
 
 
5. SUMMARY AND CONCLUSIONS 
 
The findings of the work presented here can be summarized as follows.   
- The atmospheric numerical model RAMS was validated to capture the impact of the urban LCLU of San Juan on 
different atmospheric variables. 
- The analysis of three simulated land use scenarios leads to the conclusion that the urban LCLU has an impact in 
the general atmospheric dynamics of the north coast of the island of Puerto Rico. 
- Model results demonstrate that the influence the city of San Juan has in the local air temperature is to produce 
higher temperatures in the region where the urban area was represented. This influence could be quantified in air 
temperatures increases between 2.5 and 3ºC, and an acceleration of the winds in the area of study.   
- A precipitation anomaly seems to arise from the presence of San Juan in the form of a small precipitation event, 
possibly advected by the approaching trades. It might be due to the atmospheric warming and enhanced vertical 
motion the city generates. 
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THE SEA BREEZE EFFECT ON HEAT ISLAND STRUCTURE IN FUKUOKA 
METROPOLITAN AREA FACING TO THE JAPAN SEA 

 
 

Yukiko HISADA, Nobuhiro MATSUNAGA 
Department of Earth System Science and Technology, Interdisciplinary Graduate School of Engineering Science, 

Kyushu University 
 
 
Abstract 
 

We have made simultaneous observations of temperature at 71 points in Fukuoka metropolitan area since the 
summer of 2003. We sampled 62 days as the day of the occurrence of sea breeze on the basis of the wind data 
obtained in Fukuoka District Meteorological Observatory and revealed that the rise of temperature was moderated 
by sea breeze. The temperature fall rapidly after sea breeze reaches. This effect can be seen in an area of 20 km 
inner from the coast. A good correlation was seen between the amount of solar radiation and the fall of 
temperature. It was also seen between the wind speed of sea breeze and the fall of temperature.  
 
Key words: Heat island, see breeze, cooling effect. 
 
 
1. INTRODUCTION  
 
The urban heating is one of serious environmental problems which many big cities come up against. Fukuoka 

metropolitan area is the biggest city in Kyushu Island of Japan. It lies in the north side of Kyushu Island and is 
facing to the Japan Sea. Its population is about 1.77 million. The annual mean temperature is rising by 2.5 
degrees Celsius in 100 years from 1901 to 2000. Furthermore, the annual mean values of daily mean 
temperature in the summer season are increasing at the rate of 0.39 degrees C / 10 years after 1985 up to now1). 
The urban heating in Fukuoka metropolitan area is progressing outstandingly. Therefore, long-term observations 
covering the whole Fukuoka metropolitan area are necessary to reveal the present situations of the urban 
heating. On the other hand, the effect of sea breeze begins to be noticed as measures to moderate the urban 
heating. Strong and stable sea breeze is generated often in Fukuoka metropolitan area2). It is well known that its 
wind direction is north or northwest and the intrusion time of sea breeze is between 0700 JST and 1300 JST. 
However, its cooling effect has not been made clear yet. It may be useful to investigate its effect on heat island 
structure in order to keep the thermal environments in big cities comfortable.  

We have measured temperature over the whole Fukuoka metropolitan area since the summer of 2003. In this 
study, we have analyzed the effect of sea breeze on heat island structure by using the data of temperature over 
Fukuoka metropolitan area and the wind data obtained in Fukuoka District Meteorological Observatory(FDMO) 
and meteorological observatories of Fukuoka Urban Expressway. Sixty-two days in the summer seasons of 2003 
and 2004 were sampled as the day when the sea breeze occurred obviously. The possibility of occurrence of sea 
breeze was 41 %3). Generally speaking, the frequency of the occurrence is very high among the big cities facing 
to the sea. 
 
2. OBSERBATION METHODS 
   

Figure1 shows the topography of Fukuoka metropolitan area and the mesurement sites. The Japan sea lies in 
the north of Fukuoka area. The mountains of the order of 1000 m lie on the east side and the southwest side as if 
they surrounded Fukuoka metropolitan area. Therefore, sea breeze comes into the inner land, converging and 
becoming strong and stable. In Fig. 1, the sites of thermometers and thermo-hygrometers are shown by the close 
circles. In order to analyze the cooling effect by sea breeze, the time variations of temperature at K, L and M are 
investigated. K, L and M are 1 km, 10 km and 19 km inner from coast line, respectively. Those sites are shown by 
the open circles in Fig. 1. The close triangle shows the site of FDMO. Wind data and solar radiation data obtained 
in FDMO were used in this study. The open triangle shows the site of Dazaifu AMeDAS(DA). It is 23 km inner 
from coast line. Wind data and temperature data obtained at DA is used. The open square X, Y and Z show the 
sites of meteorological observatories of Fukuoka Urban Expressway, being 0 km, 9 km and 19 km inner from 
coast line, respectively. Wind data obtained at these sites are used. 

We have set 32 thermo-hygrometers and 39 thermometers in 70 instrument shelters of elementary schools and 
in a shelter of Research Institute of Kyushu University Forest. Thermo-hygrometers of SK-L200TH and 
thermometers of SK-L200T and Jr.TR-52 were used. The maximum of error among them was less than 0.2 
degrees C. The observation sites were selected at the rate of one in about 4 km2. The maximum value of the 
altitude differences among the observation sites was about 40 m. Therefore, the difference of temperature due to 

Kyushu University, 6-1 Kasuga Koen Kasuga, City, Fukuoka 816-8580, Japan 
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them is estimated less than 0.24 degrees C. In this data analysis, any temperature correction was not made for 
the error among the thermometers and the altitude differences, because they were regarded enough small in 
comparison with the cooling effect by sea breeze. The acquisition interval of data was 5 min. Sixty-two days were 
chosen as occurance day of sea breeze in the terms from 18th July, 2003 to 13th September, 2003 and from 14th 
June, 2004 to 14th September, 2004.  
 
3. RESULTS AND DISCUSSION 
 

Figures 2 show the time variation of spatial distributions of temperature at 1130 JST, 1230 JST and 1330 JST 
on 2nd August, 2003. At 1130 JST, the intrusion of sea breeze was observed at FDMO. The cooling effect by sea 
breeze has not appeared yet in the spatial distributions of temperature. At 1230 JST, isothermal lines near the 
coast are almost parallel to the coastline because the sea breeze intrudes uniformly toward the coastline. The 
temperature near the coastline falls because of the cooling effect by sea breeze. At 1330 JST, isothermal lines  
are seen running parallel to the coastline in the inner land of the Fukuoka Plains. The cooling effect of sea breeze 
intrudes toward the inner land. 

Fig. 1 Topography of Fukuoka metropolitan area and the measurement sites. 
Close circles : the sites of thermometers and thermo-hygrometers,  
close triangle: FDMO, open triangle : (DA),  
open squares (X, Y and Z) : meteorological observatories of Fukuoka Urban Expressway,  
open circles (K, L and M) : sites selected in order to analyze the cooling effect by sea breeze. 

Fig. 2 The time variation of spatial distributions of temperature on 2nd August, 2003. 

1130 JST 1230 JST 1330 JST 
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Figures 3 show the time variations of wind at X, Y, Z and DA and temperature at K, L, M, and DA from 1000 JST 
to 1800 JST on 2nd August 2003. The wind direction at X changes at 1200 JST. This means that the sea breeze 
arrived X at 1200 JST. The temperature at K increases until 1200 JST, and falls rapidly after the change of wind 
direction at X. The temperature falling is almost 4 degrees C and the temperature is almost constant after that. 
The wind direction at Y changes at 1250 JST. The temperature at L falls right after that. The temperature falling is 
about 1.5 degrees C. The wind direction at Z changes at 1330 JST. The temperature at M falls after that. The 
temperature falling is about 2 degrees C. At DA, the wind direction changes at 1400 JST. The temperature at DA 
falls at the same time. The temperature falling is about 2.5 degrees C. We can see that the arrival of sea breeze 
causes rapid temperature fallinging in Fukuoka metropolitan area.  

Figure 4 shows the definition of the temperature falling T (degrees C) by sea breeze. Here, T was obtained by 
subtracting the temperature at one hour after the sea breeze arrival from the one hour later temperature which 
was estimated by extrapolating the one hour profile of temperature before the sea breeze arrival. 

Figure 5 shows the relationship between the solar radiation S (MJ/m2) and T at K. Here, |r| is the correlation 
coefficient. S is the amount of solar radiation from the time of sun rise to the time of the temperatur falling at K. A 
good correlation is seen between S and T. It is seen that the cooling effect of sea breeze T increases with the 
increase of S, because the difference of land temperature and sea water temperature becomes large as S gets 
large. 

Figures 6(a)~(c) show the relationship between the mean wind speed U (m/s) and temperature falling T’ 
(degrees C) at K, L and M, respectively. Here, T’ is defined simply by the difference between the temperature just 
before the temperature falling and that after 30 minutes from falling. The value of U are obtained by averaging the 
wind speed for 30 minutes after the change of wind direction at X, Y and Z. A good correlation is seen at K and L. 

Fig. 3 Time variations of wind at X, Y, Z and DA and temperature at K, L, M, and DA on 2nd August 2003. 
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The temperature falling T’ increases with U. However, the gradient decreases as the sea breeze intrudes toward 
the inner area.  
 
4. CONCLUSIONS 
 

We investigated the cooling effect of sea breeze on heat island structure in Fukuoka metropolitan area. The 
obtained results are as follows. The rise of temperature is moderated by the intrusion of sea breeze. The 
temperature falls rapidly after sea breeze reaches. This effect can be seen in an area of 20 km inner from the 
coast. A good correlation is seen between the amount of solar radiation and the temperature falling, and it is also 
good between the wind speed of sea breeze and the temperature falling. The rate of temperature increase versus 
the speed of sea breeze becomes small toward the inner area. 
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Fig. 4 Definition of the temperature falling T 
due to sea breeze. 

Fig. 5 Relationship between the amount of solar 
radiation S (MJ/m2) and temperature falling 
T (degrees C) at K. 
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Fig. 6 Relationship between the mean wind speed U (m/s) and temperature falling T’ (degrees C). 
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INFLUENCE OF LAND COVER AND SEA BREEZE TO THE URBAN HEAT ISLAND  
IN SUMMER FOR SENDAI CITY AREA 

 
Yoshiki JUNIMURA and Hironori WATANABE 

Department of Architecture, Tohoku Institute of Technology, Sendai, JAPAN 
 
Abstract 

It is important to clarify urban climate characteristics to consider the urban environmental planning. But only typical 
summer days defined original with a researcher were took up in many studies. So we performed multi-points 
observation of air temperatures for long period, about 150 days, of time at summer to clarify them. Thermometers, 
30-38 points, were set up in the instruments shelter at the playground of elementally schools. Its height is 1.2m. The 
area for measurement is Sendai city area. 

As the results of measurement, the climate characteristics which is described below became clear. The air 
temperature difference between near the seashore and the city center is about 6 centigrade in daytime in the days 
that sea breeze blew (A pattern), on the other hand, in the days that west wind blew in daytime (B pattern), there is 
no air temperature difference until noon between near the seashore and the city center. We decided to take up these 
days and to examine the ways to mitigate urban heat environment. 

It is effective to gather green coverage ratio to mitigate urban heat environment. So, the relation between air 
temperature distributions which changes with differences of wind directions and green coverage ratio was analyzed 
by regression analysis. As the results, in daytime, although wind velocity of B pattern is larger than A pattern, the 
correlation coefficient of B pattern is relatively higher than A pattern. Namely, it is confirmed that the mitigation effect 
of air temperature rise is expected by green coverage ratio in daytime at the days that west wind blow. 
 
Key words: 

Urban Heat Island, climate characteristics, air temperature distribution, green coverage ratio, sea breeze 
 
1. INTRODUCTION 

It is important to clarify urban climate characteristics to investigate the urban environmental planning. But only 
typical summer days were took up in many studies. So we performed multi-points observation of air temperatures for 
long period, about 150 days, of time at summer to clarify the actual conditions of urban climate characteristics. The 
area for measurement is Sendai city area. Sendai has the Pacific Ocean in the east side and mountains in the west 
side (Fig.2). 

In this paper, After scrutinizing the actual conditions of the thermal environment in summer based on the Sendai 
District Meteorological Observatory’s data and large area measurement data, the relation between the difference of 
wind directions and air temperature distributions was considered. Moreover, influence of green coverage ratio for air 
temperature distributions was analyzed. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Location of Sendai     Fig.2 Sendai city area (background: land cover) 

Sendai District Meteorological 
Observatory

Central Area

:  Observing Points

Pacific Ocean

Sendai District Meteorological 
Observatory

Central Area

:  Observing Points

Pacific Ocean
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a) daytime (9:00-18:00)    b) nighttime (21:00-6:00) 
Fig.3 Wind rose 

Table1 classification of urban climate characteristics 
 
 
 
 
 
 
 
 
 
 
2. ACTUAL CONDITIONS OF URBAN CLIMATE CHARACTERISTICS 

Fig.3 shows wind roses in daytime based on the Sendai District Meteorological Observatory’s data. Table1 shows 
the classification of climate characteristics based on maximum temperatures and main wind directions in daytime. 
These charts show that it is 2 patterns we should examine the ways to mitigate urban heat environment in Sendai city 
area. One is days which sea breeze blows in daytime (A pattern). Other one is days which west wind blows in 
daytime (B pattern). 
 
3. AIR TEMPERATURE DISTRIBUTION 

Field observation set up to 38 points whole area of Sendai city, shown in Fig2, to measure the air temperature. 
Each of thermometers was set up in a meteorological monitoring shelter of elementary school under the situation of 
natural ventilation. Observing period was August 2000, 2001, 2002, 2003 and 2004 (in this study we took up 2000, 
2002 and 2004 because 2001 and 2003 was cool summer). Measuring time-interval was every 10 minutes. 

Fig.4 and 5 is examples of observation results. a) shows A pattern, the days that SE wind blew, and b) shows B 
pattern, the days that WEST wind blew. In A pattern, the air temperature difference between near the seashore and 
center of city is about 6 centigrade in the days that sea breeze blew in the daytime. Inland temperature and city 
center’s temperature were almost the same value in afternoon. On the other hand, in B pattern, there was no air 
temperature difference until noon between near the seashore and the city center. 
 
4. INFLUENCE OF GREEN COVERAGE RATIO FOR AIR TEMPERATURE 

Land cover data was based on Landsat-5 data that is classified digital numbers. Green coverage ratio was 
calculated by the number of green pixels in 1km square centering on a measuring point. Fig.6 shows the relation 
between green coverage ratio and air temperature at the time of maximum/minimum temperature. The correlation 
coefficient, influence of green coverage ratio for air temperature, is difference with time. So the correlation coefficient 
was calculated per hour. Fig.7 shows change on a day of correlation coefficient between air temperature and green 
coverage ratio. a) shows A pattern and b) shows B pattern. Both patterns have high correlation coefficient in 
nighttime and in daytime the value is low. But there are differences of correlation between A pattern and B pattern in 
daytime. In A pattern there is positive correlation but there is negative correlation in B pattern, although wind velocity, 
average value in daytime, of B pattern is larger than A pattern. This result show that the  
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a) The day that SE wind blow, Aug. 8, 2002      b) the day that WEST wind blow, Aug. 6, 2002 

Fig. 4 Examples of change on a day of air temperature 
 

 
 
 
 
 
 
 
 
 

a) Examples of the day that SE wind blow, Aug. 8, 2002 
 
 
 
 
 
 
 
 
 

b) Examples of the day that WEST wind blow, Aug. 6, 2002 
Fig.5 Difference of air temperature distribution, in daytime 

 
mitigation effect of air temperature rise is expected by green coverage ratio in daytime at the days that west wind 
blow. Besides, sea breeze influence greatly air temperature formation. 
 
5. CONCLUSION 

The summary of the results is the followings. 
- Main wind direction is SE (from the sea), other wind direction is hardly observed in daytime. 
- The day which west wind blows in daytime has high temperature. 
- In order to mitigate the heat environment of SENDAI city area, it is necessary to examine the following 2 patterns. 
a) A pattern: main wind direction is SE (from the sea) and maximum temperature exceeds 30 centigrade in 

daytime. 
b) B pattern: main wind direction is WEST. 

- The relation between air temperature and green coverage ratio was analyzed by using regression analysis. 
- Both pattern has high correlation in nighttime but the value is low in daytime. 
- In daytime, the correlation of B pattern is relatively higher than A pattern. 
- Also in daytime at B pattern, the mitigation effect of air temperature rise is expected by green coverage ratio. 
- (Sea breeze influence greatly air temperature formation.) 
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        a) At the time of the max temperature, 10:00    b) At the time of the min temperature, 4:30 

Fig.6 The relation between green coverage ratio and air temperature, Aug. 8, 2002 (A pattern) 
 
 
 
 
 
 
 
 
 
 
 
 

a) Examples of the day that SE wind blow, Aug. 8, 2002             b) the day that WEST wind blow 
Fig.7 Change on a day of correlation coefficient between air temperature and green coverage, in daytime 
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INFLUENCES OF SEA BREEZE ON URBAN HEAT ISLAND IN SENDAI, JAPAN  
Kiyotaka Sakaida*, Akira Egoshi** 

*Tohoku University, Sendai, Japan; **Deceased, Formerly,Graduate Student, Tohoku University) 
 
 
Abstract 
 

In Sendai city, where the urban heat island is developed, and the sea breeze circulation is also developed, the 
spatially dense observation of temperature has been carried out by means of the instrument shelters at the twenty 
five elementary schools in and around the urban area from 2001 to 2005. Based on the analysis of this 
observation data, the influence of the sea breeze on the urban heat island was investigated. It was indicated that 
the urban heat island in Sendai is cooled down by the sea breeze in daytime during spring to summer. The 
amount of cooling effect by the sea breeze gradually decreases as distance from the coastline, but that in the 
urban center is larger enough than that in the rural area with the nearly equal distance from the coastline.  
 
Key words: heat island, sea breeze, amount of cooling effect 
 
 
1. INTRODUCTION  
 

The urban heat island is influenced by the local circulation such as the land and sea breeze, the mountain and 
valley wind. The local circulation has recently become of major interest considering the mitigation of the urban 
heat island (Fujino and Asaeda,1999). It is important to evaluate the effect of sea breeze on the urban heat island, 
because many large cities in Japan are located near the coast. In Tokyo, the transfer to the inland side in warm 
core and air pollution area is reported, accompanied with the invasion of the sea breeze (Yoshikado,1990). 
However, in Tokyo, the urban area enormously sprawl out, it is difficuly to grasp the whole aspect of the heat 
island, and the cooling effect of sea breeze is relatively weak.  This study aims to clarify the effect of the sea 
breeze on the urban heat island in Sendai, that has one million populations, faces the Pacific Ocean. The cold 
current flow inshore, the sea surface tenperature is cold, the sea breeze is well-developped in the daytime from 
spring to summer (Sanbe,1973). 
 
 
2. OBSERVAION DATA 
 

In Sendai city, the tower buildings stand on the city center, and the paddy field extends to eastern coastal area 
and northern area, and the forest covers in western hilly area.  The paddy field in eastern coastal zone seems to 
be useful for introducing the sea breeze to inland area without warming.   

The temperature data used in this study has been observed utilizing the instrument shelter of the twenty five 
elementary schools on and around the Sendai urban area. The temperature observation has been carried out, at 
10 minutes interval from April, 2001 up to present. Rainfall, sunshine and wind data of the Sendai  Meteorological 
Observatory were used.   

The land and sea breeze day was defined as the day in which the day-time wind direction is northeast-east- 
south and the night-time wind is southwest-west-north, without the disturbance in its neighborhood. As the result, 
95 days in spring (Mar-April-May), 88 days in summer (June-July-August), 80 days in fall (September-October-
November) were made to be the object day in the period of 2001-2005. It is proven that the land and sea breeze 
day increase in April, May and October.   
 
 
3. INFLUENCE OF SEA BREEZE ON HEAT ISLAND 
 
3.1. Distribution of temperature 
 

Fig.1 shows the temperature distribution of the land and sea breeeze days in spring, summer and fall. The 
temperature indicate the deviation from the spatial mean value. The remarkable low temperature exists in the 
coastal region in the day-time of spring and summer, because of the invasion of sea breeze. There is the 
temperature difference over 3 degrees between the urban center and the coastal region. Though the urban center 
and the suburb are also receiving effect of the sea breeze, it becomes slightly high temperature in the urban 
center. There is clear heat island in the daytime in fall, since the cooling effect of the sea breeze is weak in this 
season.  In the night, remarkable heat island over 2.5 degrees temperature difference is also formed in three 
seasons. The land breeze in Sendai is weaker than the sea breeze, the remakable low temperature does not exist 
in the western hilly region. 
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                       spring                                                  summer                                           fall 

 
 

 
 
          Fig.1  Temperature distribution of the land and sea breeze days. Upper:day-time,  Bottom:night-time. 
                    Contour interval is 0.5 degree, dashed line indicate negative values. 
 
 
3.2. Daily and seasonal variations of heat island intensity 

To investigate the daily and seasonal variations of urban heat island intensity, the temperature difference 
between the urban center and the suburban area is calculated. As suburban site, Nomura is selected, which 
locates in the northern paddy field area, and the with the nearly equal distance from the coastline to the urban 
center. Fig.2 shows the daily variations of the urban heat island intensity. In the daytime, there exist a slight heat 
island (0.5 degree warm) in summer and fall, but disappear in spring owing to the sea breeze. The heat island 
intensity increases from 16 o'clock in fall, from 18 o'clock in spring. This difference seems to depend on the 
sunset time, indicate that the formation of the heat island begins with the end of the sea breeze.  The heat island 
developed in the night, and it became 2.7-3.0 degrees in spring and fall, but it did not develop so much in the 
summertime in Sendai. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                      Fig.2  Daily variations of urban heat island intensity for each season. 
 
 
3.3. Stop of warming by sea breeze  
 

When the sea breeze begins to blow, the temperature in the coastal region does not rise and often hit the ceiling 
during daytime. By comparing with the warming quantity in the day when sea breeze does not blow, the cooling 
effect of the sea breeze is evaluated quantitatively.  Fig.3 shows the mean daily changes of temperature in the 
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sea breeze days and the non sea breeze days in August. Most of the non sea breeze day is sunny, and the 
westelies is blowing all day long. In the sea breeze days, the rising of temperature is stopped after 10:00 LST, the 
maximum temperature is 27.9 degree. In the non sea breeze day, warming is continued by 13:00LST, the 
maximum temperature is 30.5 degree. The difference of temperature reaches 2.6 degree, that is regarded as the 
amount of cooling effect by the sea breeze.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.3 Daily change of temperature of coastal region in the sea breeze and the non sea breeze days. 

 
 
 
 
 
 
                     April                                                    May                                                  June 

 
 
                     July                                                     August                                               September 

 
 

    Fig.4  Amount of cooling effect by the sea breeze.  
 
 

� 
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3.4. Amout of cooling efect by sea breeze  
 
Fig.4 shows the distribution of the amont of cooling effect by the sea breeeze in each month. The amount of 

cooling effect is calculated by the warming quantity difference between the sea breeze day and the non sea 
breeze day. 

From April to August, the cooling effect by the sea breeze is observed in and around the urban area, especially 
in coastal region. It is most remarkable in May when the land and sea surface temperature difference is maximum, 
and is not observed in September when the sea surface temperature rise. The cooling effect is large near the 
coastal region and it decreases for the inland in May and June.  

There is not much cooling quantity difference between the urban center and the suburb which locate in the 
nearly equall distance from the coast. The tower buildings stand on the urban center, the roughness is increasing, 
and the sea breeze becomes difficult to invade into the urban center. The amount of cooling effece in the urban 
center, however, does not differ from the suburb. The reason is the large number of roughness parameter 
resulted from the buldings (Takahashi and Fukuoka,1994). 

The formation of the heat island starts when the sea breeze end, and the formation of the heat island is also 
retarded when it continues until midnight (Gedzelman et al., 2003).   
 
 
4. CONCLUDING REMARKS 
 

Using the spatially dense observation data in and around the urban area of Sendai from 2001 to 2005, the 
influence of the sea breeze on the urban heat island was investigated. It was found that the urban heat island in 
Sendai is cooled down by the sea breeze in daytime during spring to summer. The amount of cooling effect by the 
sea breeze is largest in the coastal region, and gradually decreases as distance from the coastline.   

When the sea breeze begins to blow, the air temperature in the coastal region does not rise and often hit the 
ceiling during daytime. By comparing with the warming quantity in the day when sea breeze does not blow, the 
cooling effect of the sea breeze is evaluated quantitatively. It was found that the cooling effect is remarkable in 
May and June, and disappear in September. The cooling effect in the urban center does not differ from that in 
suburb area, in spite of the dense buildings and large number of roughness parameter. The large number of 
roughness parameter might be useful to lower cool air of sea breeze.  
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Abstract 
 
Weather variables are measured continuously at five sites near the city of Baltimore, MD in a large open pasture, 
a nearby woodlot, and residential areas with a range of tree cover and proximity to buildings.  Data are also 
available from two National Weather Service ASOS sites: in downtown Baltimore and at the airport (BWI).  An 
object of the non-ASOS measurements is to develop a spatially explicit, empirical model of below-canopy air 
temperature at the 1.5-m height.  In an initial analysis for May through September 2004, temperature differences 
(∆T) between each site and the downtown ASOS site were related by correlation analysis to upwind tree, 
impervious, and water land cover from the National Land Cover Data (NLCD) 2001 database.  Additional likely 
predictors of ∆T that were examined include atmospheric stability (Turner Class, derived from BWI cloud and wind 
speed data), vapor pressure deficit, antecedent precipitation, sky view and transmitted solar radiation estimated 
from hemispherical photographs at each site, and descriptors of topography.  The downtown site was generally 
warmer than the other sites, with ∆T between the downtown and suburban sites being as large as 11 ºC.  
Although land use was significantly correlated with ∆T, the most significant factor was Turner Class.  Topographic 
relationships that were not a simple function of elevation differences between the sites interacted with stability to 
influence temperature.   
 
Key words:  Atmospheric stability, NLCD, temperature differences, topography, tree cover  
 
 
1. INTRODUCTION  
 
As a contribution to the Baltimore Ecosystem Study (BES), a U.S. National Science Foundation Long Term 
Ecological Research (LTER) site, weather variables are being measured continuously at five locations near 
Baltimore, MD.  Data also are available from two National Weather Service Automated Surface Observing System 
(ASOS) stations (Fig. 1).  Measurements include temperature at a height of 1.5 m at all stations.  At the five non-
ASOS sites, measurements have been continuous since June 2003. 
 One object of the analysis of these measurements is to develop an empirical model of below-canopy air 
temperature differences.  Such a model is important for evaluating urban structural and vegetation influences on 
air temperature for studies related to human thermal comfort, carbon cycling, soil and stream temperatures, 
ozone formation, and interaction with effects of ultraviolet radiation.  An anticipated application of the temperature-
differences model is for mapping predicted temperatures across Baltimore based on 30- by 30-m imagery from 
the National Land Cover Database (NLCD 2001) (Homer et al. 2004).  The mapping will be for times of special 
interest, such as early evening, when temperature differences usually are greatest, and midafternoon, when 
temperatures usually reach a maximum. 

The plan for empirical modeling is to use multiple regression to relate hourly temperature differences (∆T) 
between the Downtown ASOS site and each of the other sites to upwind tree, impervious, and water land cover 
from the NLCD 2001.  Additional predictor variables for ∆T are atmospheric stability, vapor pressure deficit, 
antecedent precipitation, sky view and transmitted direct-beam solar radiation estimated from hemispherical 
photographs at each site, and topography.  In this paper we report exploratory correlations of ∆T with the potential 
independent variables for summer conditions, May through September 2004. 
 
2.  METHODS  
 
The planned regression analysis is similar to that carried out in Heisler and Wang (1998), who related 
temperature differences between points in an urban area to upwind land cover, modeled solar input, vapor 
pressure deficit, and antecedent precipitation by a linear multiple regression model.  In the current study, 
additional predictor variables are being considered along with alternatives to common linear models because of 
the correlation between many of the potential independent variables.  A major challenge is created by the range 
of the spatial scales of influences on temperature. 
 

                                                 
1 USDA Forest Service, 1 Forestry Drive, Syracuse, NY 13210; gheisler@fs.fed.us. 
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2.1.  Sites 
 
The non-ASOS sites include a lawn area with 
nearby trees near a large apartment complex 
(termed Apartments, coded 1 in Fig. 1); a residential 
area with heavy tree cover but few buildings 
(Residential under trees, 2); a residential area with 
some trees and large lawn areas (Residential open, 
3); a woodlot next to a large cultivated field (Woods, 
4); and a large open pasture, (Rural open, 5).  The 
ASOS sites are in downtown Baltimore (Downtown, 
6), and at the Baltimore/Washington International 
(BWI) Airport (Airport, 7).  The sites generally are 
not in large continuous blocks of a particular land 
use, but dominant land uses around the sites 
according to the NLCD classification can be 
characterized as low-, medium-, and high-intensity 
developed; open-space developed, deciduous 
forest; and pasture.  For example, the Apartment 
Site 1 is in a strip of lawn with scattered trees 
between two large “garden” apartment complexes 
with large parking lots.  Residential with trees Site 2 
is under large deciduous trees, but within 20 m of 
two small buildings and about 50 m from a wooded 
area about  2 ha in size.  The Downtown reference 
Site 6 is in a heavily developed part of central 
Baltimore City yet within 50 m of water in Baltimore’s 
Inner Harbor.  The other sites are separated by as much as 19 km from the Downtown site (Fig. 1).   
 
2.2.  Meteorological data  
 
At the non-ASOS sites, instrument packages with data loggers recorded wind speed, wind direction, and air 
temperature, but the sensors differed somewhat.  At all sites including the ASOS sites, air temperature, T, is 
measured at 1.5 m above ground.  At sites 1, 3, and 4, T is measured with thermistors in naturally ventilated Gill-
type radiation shields.  With these systems, maximum errors with high radiation loads probably exceed 1ºC.  
Station 2 measured T with a thermistor in a double-tube, power-aspirated radiation shield for which maximum 
combined electronic and radiation errors probably are ±0.25 ºC.  The Rural Open Site 5 is the primary weather 
station for the BES LTER site.  A platinum resistance thermometer (PRT) device in a double-tube, fan-aspirated 
radiation shield measures air temperature with maximum errors of about ±0.1ºC.   
 The non-ASOS sites sampled T at 5-s intervals and averaged over 15-min.  For the analysis described here, 
the 15-min averages from 15 min before the hour to the top of each hour were compared to data from the ASOS 
sites, which record average temperature and relative humidity over a 2-min period at 6 to 8 min before each hour.  
 The data used in this analysis were collected from May 5 through September 30 in 2004.  Times when any 
station had missing data were excluded from the analysis, resulting in a data set with 3091 h (86% of possible), or 
18,546 values of ∆T.  Most of the missing observations were at the Downtown ASOS site.    
 
2.3.  Atmospheric stability 
 
To characterize atmospheric stability, which has a strong influence on urban heat islands, we used wind speed 
and cloud cover from the BWI Airport to derive the Turner Class (Panofsky and Dutton 1984) for each hour.  
Turner ranges from 1 for very unstable conditions when wind is light and insolation is high, to 4 for neutral 
stability, to 7 for very stable conditions when wind is light and the sky is clear at night.  Actual stability across the 
area will vary with surface conditions.   
 
2.4.  Land cover 
 
Land cover was derived from tree (Fig. 1), impervious, and water cover classifications in the NLCD.  This 
classification is based on Landsat images with a resolution of 30 by 30 m.  To derive upwind land-cover 
differences between sites, we assumed that wind direction over the entire domain of the urban area was uniform 
during each hour and represented by airport wind reports.  We used GIS analysis to average tree-, impervious-, 
and water-cover density over segments created by circles with 0.5, 1, 2, 3, and 5 km radii centered on each of the 
sites and by lines radiating from the sites to create pie-shaped wedges centered on the 8 compass directions (N, 
NE, E, etc.) as illustrated in Fig. 2.   

 
Figure 1.  Tree cover from NLCD 2001.  The location of stations 
is shown by numbered circles. 
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2.5.  Adjacent tree and building structure 
 
The influence of trees and buildings on solar irradiance 
and thermal radiation exchange with the sky was 
evaluated from 180-degree hemispherical photos taken 
looking directly upward from the 1-m height at each site.  
Sky view and the fraction of transmitted direct solar 
radiation were derived by analysis with the Gap Light 
Analyzer (GLA) program (www.ecostudies.org/gla/).  
Differences in the sky view percentages between 
Downtown (sky view of 78%) and Sites 1 through 5 and 
7, respectively, were 47, 53, 41, 72, -18, and -22.    
 
2.6.  Topography 
 
The City of Baltimore and the suburban areas included in 
our study span the transition from the Coastal Plain in the 
southeast of the area and the Piedmont Plateau to the 
northwest.  The lower elevation Coastal Plain is clearly 
differentiated by the lighter areas in Fig. 3.  Elevations of 
the sites range from 3 m at the Downtown Site 6 to 156 
m at the Rural Open Site 5 (Table 1).  Topography has 
several influences on air temperature, which include the 
average atmospheric lapse rate and cold air drainage. 
 
3.  RESULTS AND DISCUSSION 
 
The Downtown site generally was warmer than the other 
sites, with temperature differences between downtown 
and more rural sites being as large as 10ºC.  Though 
many independent variables were correlated with ∆T, the 
most important generally was Turner Class (Fig. 4) with 
r=0.40.  Even with temperatures adjusted for a standard 
atmospheric lapse rate (-0.0065ºC m-1), ∆T averaged 
3.7ºC with Turner Class 7.  With neutral stability, Class 4, 
which would be with windy, cloudy weather, average ∆T 
was only 1.4ºC. 
 The effect of stability is evident in Fig. 5, which 
shows elevation-adjusted ∆T averages by site and hour 
of the day.  Temperature differences for most sites are 
largest at night.  This anticipated urban heat island 
pattern is seen frequently in the literature. 
 The pattern of larger temperature differences at night 
is clear for all sites except for the Residential area (2) which had smaller temperature differences at night (Fig. 5).  
Although there are buildings not far from Site 2, the different pattern there probably is due to topography.   
 This topographic effect is not a simple function of elevation; Site 5 is higher.  Site 2 is at the top of a hill, but 
Site 5 is similarly located on a broad ridge.  We might expect the large trees overhead at site 2 to reduce 

nighttime outgoing radiation to clear night skies; 
however, the other wooded site, 4, has lower sky view. 
 The important difference at Site 2 probably is the 
greater relief to the north and northeast at this site than 
at others (Fig. 3, Table 1).  The Woods, Site 4, may cool 
considerably under Turner 7 conditions because it is at a 
low elevation compared to other locations within 2 km 
(Table 1) and, therefore, is subject to cold air drainage 
toward the site.  The high relative elevation at Site 2 may 
lead to warmer temperatures (smaller ∆T) owing to cold 
air drainage away from the site and temperature 
inversions in the valleys below.  
 In developing diagnostic equations for ∆T, the 
Turner Class may be used as a predictive variable, or 
the data can be separated by Turner Class and separate 
equations developed for each class.  In preliminary 
regressions we used the separated data method.  If the 

 
Figure 2.   Area analyzed for upwind tree cover around the 
Airport (site 7) illustrated by the circle with a 5-km radius 
and lines radiating to separate the eight compass directions. 

 
Figure 3.  Topographic relief in the study area. 

Table 1. DEM-based ground elevations and relative 
elevations for all sites.  Relative elevation is the ratio of site 
elevation to total relief over all points (30-m pixels) within 2 
km of the site.  Relative total elevation is the ratio of site 
elevation to the total range of elevation (196m) within 2 km 
of all sites.  Above lowest is the absolute elevation above 
the lowest elevation within 2 km.  

 
 

Site Elev., 

Relative 
elev., 
 2 km 

Relative 
total elev. 

Above 
lowest
, 2 km 

1 Apartments 102 m 0.45 0.51 39 m 
2 Resident. trees 145 0.95 0.74 106 
3 Resident. open 103 0.56 0.52 61 
4 Woods 138 0.19 0.70 14 
5 Rural open 156 0.52 0.80 33 
6 Downtown 3 0.08 0.02 3 
7 Airport 46 0.75 0.22 30 
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data are not separated by Turner, many of the predictor variables 
have varying influence depending on Turner Class; that is, 
interaction terms must be included.  Even if data are separated by 
Turner class, Turner still must be included as an independent 
predictor variable because it is not only Turner class at the hour 
of observed ∆T that affects the ∆T but also Turner over the 
previous 1 or 2 h.  Therefore, we derived a variable (Turner3), the 
average of the current and previous two hourly observations of 
Turner Class.  The effect of Turner on ∆T is not linear (see Fig. 
4); the effect was best represented by a cubic power of Turner3 
(for correlationn of ∆T x (Turner3)3, r=0.49).  
 In the preliminary regression analyses, many independent 
variables entered into regression equations as statistically 
significant in predicting ∆T.  For example, using only data for 
Turner Class 7, a regression equation with 16 predictor variables 
was derived easily by entering terms that were most closely 
correlated with ∆T.  There is obvious correlation between many of 
these independent variables, which means that interpretation of 
the regression coefficient R2, 0.43 in this case, is questionable.  
This analysis left much of the variance in ∆T unexplained, but it 
did not include the important interaction between Turner Class 
and elevation.   

Land-cover variables correlated with ∆T included 
water cover, impervious cover, and tree cover over 
various distances upwind.  Significant variables other than 
land cover and Turner Class were sky view, antecedent 
precipitation, harbor water temperature, and vapor 
pressure deficit.  A possible next step is regression 
modeling with selected noncorrelated independent 
variables including interactions of relative elevation with 
Turner3.  Another option may be the use of regression 
tree methods (Prasad et al. 2006). 

 
4.  CONCLUSION 
 
Summertime temperature differences between inner city 
Baltimore and a rural wooded area, which represents the 
intensity of the urban heat island, were commonly 7ºC or 
more under stable atmospheric conditions at night.  Land 
cover in urban areas has a decided influence on air 
temperature but there are strong interactions between 
land cover and other factors that influence air 
temperature, particularly atmospheric stability and topography.  The relatively simple Turner Class is a useful 
indicator of the magnitude of urban heat island effects.  Land-cover differences out to at least 5 km in the upwind 
direction were significantly related to temperature differences under stable atmospheric conditions. 
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Figure 4.  The range and average ∆T stratified by 
Turner stability Class (at BWI) for all sites and all 
observations over the summer.  Temperatures are 
adjusted by the standard atmosphere lapse rate. 
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Figure 5.  Average temperature differences (Downtown –
site) by hour of the day over the entire summer. 
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Fig.1 Schlieren image (Asanuma, 1977) 

QUANTIFICATION OF TEMPERATURE DISTRIBUTION INSIDE AND OVER THE 
URBAN CANOPY LAYER BY THE SCHLIEREN METHOD 

Toshio Abe*, Yasunobu Ashie* 
*Building Research Institute, Ibaraki, Japan 

 
 
Abstract 
 
This research analyzed thermally distributed flow by using Schlieren images. By arranging two-dimensional 
building models in a wind tunnel with a heated floor, a thermally distributed building canopy space was 
established. In the Schlieren images, dark color zones, which show the existence of steep temperature gradients 
according to the principle of Schlieren, were observed at the top of the urban canopy and near the ground 
surface. These gradients were verified by temperature measurement data in the wind tunnel. This research also 
indicated that temperature distribution inside the wind tunnel could be quantified with high precision by the 
Schlieren image analysis, applying a quadratic function of brightness. 
 
Key words: Schlieren method, Temperature, Thermally stratified wind tunnel, Brightness 
 
 
1. INTRODUCTION  
 
Flow visualization is one of the fundamental methods used to investigate the dispersion characteristics of heat 
and air pollutants in urban areas. The tracer method is generally used to visualize flow. On the other hand, the 
Schlieren method can also be used. The Schlieren method uses a special optical device that converts the spatial 
gradient of the refractive index of the air into monochromatic images. The Schlieren method has been utilized to 
visualize high-speed airflow, compression waves and shock waves. Fig.1 shows the flow around a ball flying at 
supersonic speed. 
We have used the Schlieren method to visualize the flow around buildings. The relationship between brightness in 
the Schlieren images and the temperature distribution was examined. 
Temperature distribution was not directly estimated by the Schlieren image. Also, the relationship between 
brightness and radiant luminance was not considered. 
In this study, we applied a quadratic function of brightness and quantified the temperature distribution. We also 
investigated the precision of the measurements. 
 
2. MEASUREMENT PRINCIPLE OF SCHLIEREN METHOD   
 
Detailed explanations of the Schlieren method are given elsewhere. Here we give an outline of the principle, 
because there are few examples in the field of urban climatology. 
Fig.2 shows the refraction phenomenon of light. The light velocity of ray A in z=z is c, and the light velocity of ray 
B in z=z+dz is c+(∂c/∂z)dz. Ray B advances between b1-b2 (={c+(∂c/∂z)dz}dt) in time dt (=dy/c), during which 
time Ray A advances between a1-a2. The difference in progress distance, ds, is -(∂c/∂z)(dydz/c). The angle of 
refraction, dθ, is given by: 

dy
z

c

c

1

dz

ds
d

∂
∂−=≅θ                                                                                                                                      (1) 

The refractive index of the air, n, and the velocity of light, c, are related by using the Huygens principle. 

c

c
n 0=                                                             (2) 

Here, c0 is the velocity of light in a vacuum. Eq.(1) can be 
rewritten as the following by using Eq.(2). 

dy
z

n

n

1
d

∂
∂=θ                                                 (3) 

The total angle of refraction, θz, can be calculated by integrating 
Eq.(3) in the Y direction. 

∫ ∂
∂=

D

0z dy
z

n

n

1θ                                             (4) 

Here, D is the length of the flow field in the Y direction. The 
Gladstone-Dale equation is shown in Eq.(5). 

ρK1n +=                                                     (5) 
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Fig.2 Refraction phenomenon of light 

Fig.3 Detailed drawing of the knife-edge 

Fig.4 Schlieren experiment in the thermally 
stratified wind tunnel 

Here, ρ is the density and K is a positive fixed number. It is 
0.2259×10-3m3/kg (wave length λ=607.4nm) in the case of the air. 

z
KD

zn

KD
dy

zn

KD

0z ∂
∂≅

∂
∂≅

∂
∂= ∫

ρρρθ     (6) 

Therefore, the light path is changed in proportion to the density 
gradient. 
A detailed drawing of the knife-edge is shown in Fig.3. We 
suppose the light source image has length x1 in the horizontal 
direction and length z1 in the vertical direction. When a density 
gradient exists, the light source image is partially interrupted by 
the knife-edge. The position of the screen is the same regardless 
of the existence of the density gradient. The radiant intensity 
difference on the screen ∆I is shown in Eq.(7). 

z10 fxII θ∆ −=                                               (7) 

Here, I0 is the radiant luminance [W/sr�m2], and f is the focus 
distance of the lens [m]. If the spectrum of the light source does 
not change, the brightness is proportional to the emission 
strength. 

LI ∝                                                               (8) 
Here, L is the luminance [cd/m2]. 
 
3. SCHLIEREN EXPERIMENT IN THE THERMALLY 
STRATIFIED WIND TUNNEL 
 
In Fig.4, flow in the X direction has thermal distribution in the Z 
direction. Air temperature and floor temperature of the approach 
flow are kept at a constant value by controlling hot and cold 
water. When the top is colder, the refractive index of the air 
increases in the Z direction. Therefore, the light ray is refracted 
upward when the light travels in the Y direction. Then, part of the 
light path is interrupted when the knife-edge is placed near the 
focus of lens 1. As a result, the distribution of the density gradient 
is visualized by shades of light and dark. 
The logarithm function and the quadratic function can both be 
used to correlate between brightness and luminance. Here, we 
apply the quadratic function. 

11
2

1 YYL γβα ++=                                     (9) 

Here, Y is the digital camera output value (256 gradations) and 
α1, β1 and γ1 are coefficients. 
In addition, there is the proportion relation between density 
gradient and temperature gradient under normal environmental 
conditions1). Therefore, there is a relationship between 
temperature gradient and brightness. 

22
2

2 YY
z

T γβα ++=
∂
∂

                             (10) 

Here, α2, β2 and γ2 are coefficients. 

Light source image deflected 
by density gradient 

Original light source image 
without density gradient 

z1 

x1 Knife-edge 

fθz 

z1 

fθz 

Knife-edge 

Operation 
direction of  
knife-edge 

x 

y 

Range of  
temperature control, D 

z 

Observation 
window 

Thermally distributed flow To air conditioning chamber 

Screen 
Knife-edge

Light 
source 

Refractive 
index, n 
larger 

Heat exchanger 

Hot  water: 70� 
Cold water: 10� 

CCD-signal 

Lens1 Lens2 

To floor of 
 wind tunnel 

z+dz 

z 

Light speed,  
c+(∂c/∂z)dz 

b1 

a2 

b2 

a1 

dθ 

Ray B 

Light speed, c 

Ray A 

y 

z 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

397



(a) N=3.0mm 

Fig.6 Schlieren average images (Re=3×104, Rb=-0.8, 
Wind direction: from right to left) 

Fig.7 Vertical distribution of brightness (x=7,500mm) 

Table1 Height ranges of the approximation functions 

Case No. N[mm] Height range Approximation function r

Case1 4.0 0.06� …z/H� Ų1.94 � ÝT/� Ýz=-1.13×10-4Y2+3.92×10-2Y-3.54 0.80
3.0 0.06� …z/H� Ų0.34 � ÝT/� Ýz=-5.75×10-5Y2+2.65×10-2Y-3.37 1.00
6.0 0.34� …z/H� Ų1.09 � ÝT/� Ýz=-6.64×10-5Y2+3.10×10-2Y-3.53 0.96
4.0 1.09� …z/H� Ų1.94 � ÝT/� Ýz=-2.21×10-5Y2+9.64×10-3Y-1.10 1.00

Case2

Fig.5 Experimental setup 

H
/z 

H
/z 

Measured value 
Case1 
Case2 

 
 
 
 
 
 
 
 
 
 
4. SCHLIEREN EXPERIMENT INSIDE AND OVER THE URBAN CANOPY LAYER 
 
4.1. Experimental setup 
 
Fig.5 shows the outline of the Schlieren experiment. The flow into 
the test section was 20℃ and 1m/s. In order to trigger turbulence, 
aluminum roughness elements were set on the floor in the 7m 
upstream of the experiment and the floor temperature of the wind 
tunnel was set to 20 ℃ . The Reynolds number, Re, for the 
standard height in the mainstream was 3×104 2). 2D building 
models were arranged to build an urban canopy in the wind 
tunnel and the floor temperature was set to 70℃ . The Bulk 
Richardson number, Rb, was -0.82). The 2D building models were 
11 wooden blocks (B: 35mm, D: 1,000mm, H: 35mm) and were 
arranged at a down-stream location of 7-8m. The ratio of the road 
width and the building height came to 1.6. 
The vertical temperature distribution was measured at three 
vertical lines, at a down-stream location of 7.5m. A thermocouple 
was used to measure the temperature and the mean values for 
10 minutes were recorded by a data logger. A hot wire 
anemometer was used to measure the wind velocity and the 
mean value for 10 minutes at 200Hz was used. 
The average wind velocity gave an exponent alpha=0.14 and a 
turbulence intensity near the floor of 20%. The wind profile was 
assumed to be the same as that over a plain. Schlieren images of 
seven scenes in total were taken over about 60 seconds, at knife-
edge positions from 3.0mm to 6.0mm at 30Hz. The mean value of 
the brightness of each pixel was used for analysis. 
 
4.2. Experimental results 
 
Fig.6 shows the Schlieren average images of different positions 
of the knife-edge given by N. In the case of N=3.0mm, dark color 
zones existed near the ground surface and over the urban 
canopy, and a light color zone existed at the leeward side of the 
surface with inflow from the sky. In the case of N=6.0mm, dark 
color zones were clearly observed at the top of the building 
canopy and near the ground surface. According to the principle of 
Schlieren, these dark color zones show the existence of a steep 
temperature distribution. 
Fig.7 shows the vertical distribution of brightness for different positions of the knife-edge and the range of 
brightness given by the quadratic function3). In one case, the measured value of the brightness was out of range. 
Therefore, it is important to select an appropriate area so that the measured value of brightness is in range. 
 
5. QUANTIFICATION OF THE TEMPERATURE DISTRIBUTION BY THE SCHLIEREN METHOD 
 
Approximation functions were made by substituting the measured 
values of the brightness and the temperature gradients into 
Eq.10. Approximation functions for different height ranges were 
connected and their ability to reproduce characteristics of the 
temperature distribution were examined. Table1 shows the height 
ranges of the approximate functions. Case1 covered the entire 
height range. Case2 divided the height range into three sections 
and raised the coefficient of correlation. 
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Fig.8 Comparison between the calculated values 
from the Schlieren method and the measured values 

H
/z 

H
/z 

Fig.8(a) shows the comparison of the vertical temperature 
gradient between the calculated values from the Schlieren 
method and the measured values. In case1, the values calculated 
by the Schlieren method had low correlation with the measured 
values. However, in case2, the prediction precision improved. 
Fig.8(b) shows the comparison of the vertical temperature 
distribution. The calculated values of the temperature gradient 
from the Schlieren method were applied sequentially by using the 
measured value of temperature at z/H=1.94 to calculate the 
temperature distribution. In case2, the relative error was less than 
4.2% and the temperature difference was less than 0.8℃. From 
the Schlieren images, we were able to quantify the precise 
temperature distribution both inside and over the urban canopy. 
However, it is necessary to select an appropriate height range 
and knife-edge position for the approximation function to predict 
the temperature distribution. 
 
6. CONCLUSION 
 
From the Schlieren images, we were able to quantify the precise temperature distribution inside and over the 
urban canopy. However, it is necessary to select an appropriate height range and knife-edge position for the 
approximation function to predict the temperature distribution. 
 
Notes 
1) The following is derived from the ideal gas law. 
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R: Gas constant, P: Pressure, β: Coefficient of expansion 
2) The followings are the formula to obtain Reynolds number, Re, and Bulk Richardson number, Rb. 

Re=u0H0/ν, Rb=gH0(Ta-Tf)/Tru0
2 

u0: Wind speed at standard height, H0: Standard height (500mm), Ta: Air temperature, Tf: Floor temperature, Tr: 
Representative temperature 

3) The range of brightness where the quadratic function is valid is range for which the coefficient of correlation 
between the knife-edge position and the brightness exceeded 0.99. 
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Abstract 
 
The increased resolution of numerical weather prediction models allows nowadays addressing more specifically 
urban meteorology and air pollution processes and forecasts. This has triggered new interest in modelling and 
describing experimentally the specific features and processes of urban areas. Recent developments and results 
performed within the EU-funded project FUMAPEX on integrated systems for forecasting urban meteorology and 
air pollution are reported here. Several approaches and modules for the model urbanization, including the 
effective roughness and flux modifications, source and sink terms in the momentum, energy and turbulent kinetic 
energy equations due building effects, urban soil model, etc., are considered in different meteorological models 
and compared. Issues of optimum resolution, parameterising urban roughness sublayer and surface exchange 
fluxes and the role of the urban soil layers are addressed with advanced meso- or sub-meso meteorological and 
numerical weather prediction models. Recommendations, especially with respect to advanced urban air quality 
forecasting and information systems, are given together with an assessment of the needed further research and 
data.  
 
Key words: urban-scale numerical weather prediction models, urban roughness sublayer, surface exchange 
fluxes, integrated systems for forecasting urban meteorology and air pollution. 
 
 
1. INTRODUCTION 
 
During the last decade, substantial progresses in both meso-meteorological and numerical weather prediction 
(NWP) modelling and the description of urban atmospheric processes have been achieved. For instance, state-of-
the-art nested NWP models can use land-use databases down to 1 km resolution or finer, enabling to provide 
high quality urban meteorological data. Thus, NWP models are now approaching the necessary horizontal and 
vertical resolution to provide weather forecasts for the urban scale (e.g. Baklanov et al., 2002).  
Many urban features can influence the atmospheric flow, its turbulence regime, the microclimate, and, accordingly 
modify the transport, dispersion, and deposition of atmospheric pollutants within urban areas, namely:  

• Local-scale non-homogeneities, such as sharp changes of roughness and heat fluxes; 
• Sheltering effects of buildings on the wind-velocity; 
• Redistribution of eddies, from large to small, due to buildings; 
• Trapping of radiation in street canyons; 
• Effect of urban soil structure,  
• Different diffusivities of heat and water vapour in the canopy layer; 
• Anthropogenic heat fluxes, including the so-called urban heat island; 
• Urban internal boundary layers and the urban mixing height; 
• Effects of pollutants (including aerosols) on urban meteorology and climate; 
• Urban effects on clouds and precipitation. 

Despite the increased resolution and various improvements, current operational NWP models still have several 
shortcomings with respect to urban areas, such as: 
• Urban areas are mostly described by similar sub-surface, surface, and boundary layer formulations as for rural 

areas.  
• These formulations do not account for specific urban dynamics and energetics or for their impacts on the 

simulation of the atmospheric urban boundary layer (UBL) and its intrinsic characteristics (e.g. internal 
boundary layers, urban heat islands, precipitation patterns).  

• Additionally, NWP models are not primarily developed for air pollution and emergency modelling, and their 
outputs need to be designed as suitable input for such urban-scale models. 

 
2. METHODOLOGY FOR URBANIZATION OF CITY-SCALE METEOROLOGICAL MODELS 
 
2.1. FUMAPEX strategy to improve NWP and meso-scale meteorological models for urban areas 
 
The FUMAPEX project (FUMAPEX, 2005) strategy to improve NWP and meso-scale meteorological models 
includes the following aspects for the urbanisation of relevant submodels or processes: 
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(i) Model down-scaling, including increasing vertical and horizontal resolution and nesting techniques (one- 
and two-way nesting); 

(ii) Modified high-resolution urban land-use classifications, parameterizations and algorithms for roughness 
parameters in urban areas based on the morphologic method; 

(iii) Specific parameterization of the urban fluxes in meso-scale models; 
(iv) Modelling/parameterization of meteorological fields in the urban sublayer; 
(v) Calculation of the urban mixing height based on prognostic approaches.  

Apart the Urban Air Quality Information and Forecasting Systems (UAQIFS) per se, improved urban 
meteorological forecasts will also provide information to city management regarding additional hazardous or 
stressing urban climate (e.g. urban runoff and flooding, icing and snow accumulation, high urban winds or gusts, 
heat or cold stress in growing cities and/or a warming climate). Moreover, the availability of reliable urban scale 
weather forecasts could be a relevant support for emergency management of fires, accidental toxic emissions, 
potential terrorist actions, etc. 
The following meso-meteorological and NWP models of FUMAPEX partners were used for urban conditions or for 
different variants of the 'urbanisation' scheme (user/developer teams are in brackets, cf. fumapex.dmi.dk): 1. DMI-
HIRLAM (DMI); 2. Local Model LM (DWD, MeteoSwiss, EPA Emilia-Romagna); 3. MM5 (CORIA, met.no, UH); 4. 
RAMS (CEAM, Arianet); 5. Topographic Vorticity-Mode (TVM) Mesoscale Model (UCL); 6. Finite Volume Model 
FVM (EPFL); 7. SUBMESO model (ECN).  
 
2.2. Urban fluxes and sublayer parameterisation 
 
Simulating urban canopy effects in urban-scale NWP and meso-meteorological models can be considered with 
the following two main approaches: 

1. Modifying the existing non-urban approaches (e.g., the Monin-Obukhov similarity theory, MOST) for urban 
areas by finding proper values for the effective roughness lengths, displacement height, and heat fluxes 
(adding the anthropogenic heat flux (AHF), heat storage capacity and albedo change). In this case, the 
lowest model level is close to the top of the urban canopy (displacement height), and a new analytical model 
is suggested for the urban roughness sublayer which is the critical region where pollutants are emitted and 
where people live (Zilitinkevich and Baklanov, 2004). 

2. Alternatively, source and sink terms are added in the momentum, energy and turbulent kinetic energy 
equation to represent the effects of buildings. Different parameterizations (Masson, 2000; Martilli et al., 2002) 
have been developed to estimate the radiation balance (shading and trapping effect of the buildings), the 
heat, the momentum and the turbulent fluxes inside the urban canopy, considering a simple geometry of 
buildings and streets (3 surface types: roof, wall and road).  

 

 
Figure 1. General scheme of the FUMAPEX urban module for urbanisation of NWP models. 

 
Several options for the integrated FUMAPEX urban module usable with NWP models have been suggested. In 
the first stage, four modules for model urbanisation (Figure 1) were developed for further testing and 
implementation into NWP models or their post-processors. It included the following modules:  
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1. The DMI module: Based on the first approach, it includes a new diagnostic analytical parameterisation of the 
wind profile into the urban canopy layer (Zilitinkevich and Baklanov, 2004) and corrections to the surface 
roughness (with the incorporation of the displacement height) for urban areas and heat fluxes (adding the 
additional AHF, e.g., via heat/energy production/use in the city, heat storage capacity and albedo change) 
within existing physical parameterisations of the surface layer in NWP models with higher resolution and 
improved land-use classification. It is realised in the city-scale version of the DMI-HIRLAM model. 

2. The EPFL module of the Building Effect Parameterisation (BEP): Based on the second approach and the 
improved urban surface exchange parameterisation submodel (Martilli et al., 2002; Hamdi, 2005). It was first 
tested with the research meso-meteorological FVM and TVM models and now is considered for incorporation 
into the DMI-HIRLAM and LM NWP models.  

3. The ECN module: Based on the detailed urban area soil and sublayer SM2-U model (Dupont and Mestayer, 
2004; Dupont et al., 2004). It was first tested with the large eddy simulation SUBMESO research model and is 
also considered for incorporation into the DMI-HIRLAM NWP model. 

4. The combined module, including all non-overlapping mechanisms from the SM2-U and BEP models, was 
realized in MM5 (Dupont et al., 2004) and tested for Paris by CORIA.   

 
3.  RESULTS AND RECOMMENDATIONS 
 
3.1. Experience of model urbanisation 
 
Different parameterisations of the urban sublayer for NWP models have been analysed, tested with different 
meso-meteorological models and verified vs. the BUBBLE and ESCOMPTE experiments. The overview of 
different realisations of the urban improvements in the considered meso-meteorological and NWP models by the 
FUMAPEX partners is presented in Table 1 (FUMAPEX, 2005). 
 
Table 1. The overview of different realisations of the urban improvements in meso-meteorological and NWP 
models by the FUMAPEX partners: 
Models Partner Resolution Urb. LUC Roug. appr.Urb. fluxesBEP SM2-U UMH Cities applied  
Research:          
Sub-Meso ECN 1 km 4(9)    +  Copenhagen, Marseilles 
FVM EPFL 1 km 1(up to 10)   +   Basel 
TVM ECL 1 km 1 + char.   +   Basel, Marseilles 
MM5-SM2U   ECN, CORIA 3 km 1 uc + 4 sc +  + +  Paris 
NWP:          
HIRLAM DMI 1.4 km 1 + 4 + (+USL) + + + + Copenhagen, Malmø 
Lokalmodell DWD 1.1 km 1 + +   + Helsinki, Bologna, etc.  
aLMo EPFL/MetSwiss 7 km 1 + char. +  +   Basel 
MM5 UH 1 km 1 + +    London 
RAMS CEAM 1.5 km 1(imp.LUC)      Valencia/Castellon 
MM5+HIRLAM  Met.no 1 km 1 +    + Oslo, Bergen, etc. 
RAMS ARIANET 1 km 1 + +   + Torino 
LAMI ARPA 1.1 km 1 +    + Bologna 
  

It was shown that the implementation of the urban modules can significantly improve the forecasted 
meteorological fields for urban areas. The first module is the cheapest way of “urbanising” the model and can be 
easily implemented into operational NWP models as well as in Regional Climate Models. The second module is a 
relatively more expensive (≈ 5-10 % computational time increase), but it gives a possibility to consider the energy 
budget components and fluxes inside the urban canopy. However, this approach is sensitive to the vertical 
resolution of NWP models and is not very effective if the first model level is higher than 30 meters. Therefore, the 
increasing of the vertical resolution of current NWP models is required. The third module is considerably more 
expensive computationally than the first two modules. However, it provides the possibility to accurately study the 
urban soil and canopy energy exchange including the water budget. Therefore, the second and third modules are 
recommended for use in advanced urban-scale NWP and meso-meteorological research models. This will be 
demonstrated for NWP models in a forthcoming paper. The third module maybe very useful for implementation 
into research submeso-scale or micro-meteorological models (e.g., SUBMESO) for large eddy simulation or 
assessment (non-prognostic) studies. The first and second modules can be also realised as urban interfaces or 
post-processors of NWP data for UAQ models. 
Simulation results with these urban modules showed that the radiation budget does not differ significantly for 
urban vs. rural surfaces, as the increased loss of a net thermal longwave radiation is partly compensated by a 
gain in net shortwave radiation due to a lower albedo. The turbulent fluxes of sensible and latent heat, as well as 
their ratio are variable, depending in particular on the amount of rainfall that fell during the preceding period. The 
storage heat flux usually is significantly higher in urban areas compared to densely vegetated surfaces. This 
cannot be explained entirely by a higher thermal inertia, as this quantity is only slightly higher for urban vs. rural 
environments. Other factors of importance are the low moisture availability and the extremely low roughness 
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length for heat fluxes. The anthropogenic heat flux is a most typical urban energy component as it is absent over 
rural or natural surfaces.  
One sophisticated way to simulate the storage heat flux for urban areas can be realised using the BEP or SM2-U 
modules. One goal is to simplify the parameterisation of the storage heat flux in NWP model simulations for main 
types of urban areas and concentrations of urban elements. Use of these modules can give a possibility to 
suggest a simplified classification of the urban storage heat fluxes for urban classes to be used in NWP models.  
 
3.2. Further improvements in NWP and UAQ forecasting systems 
 
The next step should be the intercomparisons of urban modules with(in) the operational NWP models and their 
verification with respect to urban meteorological forecasts.  
The urban canopy models are also suggested (and successfully tested for module 2, see: FUMAPEX, 2005) to be 
implemented as an interface / post-processor module, separated from the NWP model. In this case, the urban 
sublayer model will be run separately, using ready NWP data as a first approximation, and it will improve 
meteorological fields of higher resolution close to and inside the urban canopy.  
Such a novel approach has, of course, a clear drawback as it does not improve the meteorological forecast for the 
urban area and does not allow feedbacks. However, for the urban air pollution modelling/forecasting and 
improvements of the UAQIFS, this approach can be very useful and easier to realise, because it does not require 
any modifications of the operational NWP model (which are usually very difficult and time consuming). This 
approach thus consider the urban sublayer models (together with several upper layers and surrounded areas) as 
interface modules between the NWP and UAQ models. 
The current versions of the considered urban modules have several shortcomings and have to be improved and 
further developed. For the first approach (module 1), the complemented analytical model for wind velocity and 
diffusivity profiles inside the urban canopy (Zilitinkevich and Baklanov, 2004) has to be tested with different NWP 
models and meteorological preprocessors, and carefully verified vs. experimental data for different regimes. 
Besides, it is advisable to extend this model for temperature and humidity profiles. The current version of the 
second module (BEP) does not consider the moisture and latent heat fluxes and does not completely incorporate 
the anthropogenic heat flux. Therefore, these should be included into a new version of the BEP module. Besides, 
recalculation of accessible meteorological fields in the lowest sub-layers is necessary. The third module (SM2-U) 
needs further development considering the building drag effect (it will be realised in module 4), whereas snow and 
ice have to be included for NWP during winter periods, especially for northern areas. The existing version of this 
module, when  run for every grid-cell, is too expensive for operational NWP models, therefore the module has to 
be optimised by making calculations only for the urban cells.   
It is obvious that these developments in process parameterisations and model resolution require more and more 
adequate data for validating, improving and initialising NWP or meso-meteorological models. There is a need for 
carrying out urban field campaigns in the future to provide data from which insights may be gained in order to 
devise simpler models and parameterizations for complex models. The existing measurements have limitations 
which arise due to inescapable constraints on field programmes in cities.  
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Abstract 
Meteorological measurements required for the development of an architectural design scheme that responds to 
the local environment are generally recorded by the weather service in stations that are assumed to be 
representative of the surrounding region. However, no account is taken of the changes in conditions caused by 
urban development. A new analytical model (CAT) provides data representing realistic site-specific air 
temperature in a city street based only on data from standard weather stations such as those operated at local 
airports and on descriptors of the two sites. The CAT model has been tested on field data measured in a 
monitoring program carried out in Adelaide in 2000-2001. After calibrating the model, predicted air temperature 
correlated well with measured data over extended periods in all weather conditions.  
 
Key words: climate modelling, model validation, parameterization scheme 
 
1.  INTRODUCTION  
Numerous models have been developed over the years in an attempt to describe microclimatic conditions in the 
urban canopy layer. A comprehensive review of early urban climate simulation models (Bornstein, 1984) noted 
that a "…potentially important use of such models could be in planning of urban development so as to create 
urban climates that are more healthy or urban dwellers."  Indeed, Clarke (1993) identified microclimate and the 
need for site-specific data as one of the problem areas affecting building performance simulations. Despite this 
imperative, there are few, if any, comprehensive urban climate simulation models that address this need. 
The objective of the research reported here was to investigate whether a relatively simple uncoupled model of the 
air temperature in the urban canopy can predict the temperature at a given site with sufficient accuracy to be a 
useful tool, even though it provides no feedback to a meso-scale model of the urban boundary layer.  
 
2.  THE CAT MODEL   
The CAT (Canyon Air Temperature) model predicts air temperature in an urban canyon on the basis of measured 
meteorological parameters from a reference station located at a site exposed to the same meso-scale climatic 
conditions. Model inputs are limited to meteorological parameters monitored routinely at standard weather 
stations, and to solar radiation data for the region.  
A surface energy balance is calculated from meteorological time series for the reference site and for each surface 
of the urban canyon, taking into account modifications to the energy exchange processes resulting from the 
specific characteristics of both sites (Elnahas and Williamson, 1997). The micro-scale modification of air 
temperature at the reference site is calculated as the product of the sensible heat flux at the surface and a 
coefficient describing the resistance to turbulent heat transfer. This coefficient is derived from the surface heat 
exchange coefficient, modified by an empirical factor accounting for atmospheric stability and mechanical 
turbulence above the surface, normalised by the ratio of overall surface area of the site to its plan area. The time-
dependent contribution of the local sensible heat flux to the air temperature at the reference site is then deducted 
from air temperature measured in a standard instrument screen to give Tb, the meso-scale base temperature. The 
same methodology is then used to calculate the ensemble contribution to the local canyon air temperature of 
sensible heat flux from all canyon surfaces, similarly modified by the resistance of the urban canyon site to 
turbulent heat transfer. This contribution is then added to the base temperature to give the predicted air 
temperature in the canyon. 
The CAT model treats each of the components of the heat balance as follows: 
 
2.1 Radiative exchanges 
Net short-wave exchange (K*) at the reference station and on each surface in the urban canyon is calculated from 
measured global solar radiation and diffuse solar radiation (both on a horizontal plane) and the albedo of the 
relevant surfaces. Solar geometry, canyon dimensions and the height and setback of adjacent buildings are 
incorporated in a procedure that calculates view factors and also accounts for obstructions created by buildings 
that are much taller than those forming the primary canyon perimeter. Canyon surfaces not exposed to direct 
solar radiation, including portions of exposed surfaces shaded by adjacent walls, are considered as being 
illuminated by diffuse radiation and by reflected radiation only, in proportion to the respective view factors for each 
of the source areas. All surfaces are assumed to be Lambertian and reflected radiation takes into account primary 
reflections only. Incoming long wave radiation (L↓) is calculated using the Stefan-Boltzmann relationship on the 
basis of screen air DBT. Sky emissivity is estimated from atmospheric humidity for clear sky conditions using the 
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empirical correlation proposed by Brutsaert (1982). Correction for the effect of clouds is applied following the 
Martin parameterization (1989), which requires information on cloud cover, but not on cloud type, which may not 
always be available in standard meteorological records. Surface temperature, required to estimate outgoing long-
wave radiation, is approximated by the ‘sol-air temperature’, which is defined as “the equivalent outdoor 
temperature which will cause the same rate of heat flow at the surface and the same temperature distribution 
throughout the material as results from the outdoor air temperature and the net radiation exchange between the 
surface and its environment” (Rao and Ballantyne, 1970). The contributions of the ground surface and vertical 
surfaces of the canyon are calculated separately taking into account their respective view factors to the sky. 
  
2.2 Heat storage (Qs) 
Heat storage is modelled using the Camuffo & Bernardi (1982) formulation. The values of coefficients a1, a2 and 
a3 correspond to typical values proposed by the objective hysteresis model (OHM) of Grimmond & Oke (2002). 
 
2.3 Turbulent heat flux (QH and QE) 
The value of hc, the surface heat exchange coefficient, is obtained separately for each surface using the empirical 
parameterizations proposed by (Hagishima and Tanimoto, 2003). In the reference site, wind speed near the 
surface (20cm height) is derived from data measured at 10m height assuming a standard logarithmic profile. 
Values for the zero-plane displacement (d) and the roughness length (z0) are estimated in accordance with the 
aerodynamic characteristics of the reference site and u* is then calculated using a value of k=0.4 for the von 
Karman constant. Using the resulting value for u*, the expression is then solved for vz to yield wind speed near the 
surface at the reference site. Wind speed near canyon surfaces is calculated on the assumption that a lee vortex 
is formed, using the Hotchkiss and Harlow (1973) model, quoted in Yamartino and Wiegand (1986), to calculate 
wind speed near each of the surfaces from wind speed above the canyon top. In the absence of accurate local 
measurements, the roughness length is estimated as being one-tenth the average height of the canyon walls 
(Grimmond et al., 1998). Sensible heat flux is parameterised for each canyon surface from the net radiant balance 
(Q*) and the storage flux (∆Qs) (De Bruin and Holtslag, (1982), in the revised form given by Grimmond & Oke 
(2002) for urban conditions. 
  
2.4 Anthropogenic heat (QF) 
In the CAT model, anthropogenic heat flux QF is added to the sensible heat flux QH before the temperature 
modification procedure is carried out. The energy is treated as if it is released uniformly throughout the canyon. 
Monthly mean values of total anthropogenic heat flux density are multiplied by a correction factor related to the 
time of day to adjust for the typical diurnal pattern of energy consumption (Sailor and Lu, 2004). 
   
2.5 Temperature prediction from sensible heat flux 
CAT expresses the exchange of sensible heat between the canopy layer and the mixed layer above by means of 
a bulk aerodynamic formulation for fluxes, of the general form: 

tH rTQ ∆=                                                                                                                                              (1) 

where QH is the sensible heat flux, obtained from the sum of the contributions of the individual surfaces 
comprising the envelope of the site, weighted by their respective areas as a proportion of the overall plan area of 
the site. ∆T is the temperature difference between the canopy layer and the base temperature in the reference 
layer, which will vary over time, and rt is a resistance to heat transfer across the interface between the two layers.  
An expression for rt was developed that incorporates the effects of site geometry and which accounts for the 
effects of turbulence, and in particular, atmospheric stability: 

ct hmr χ)1( −=           (2) 

where χ is the ratio of the building envelope to the plan area of the site, hc is the coefficient of heat exchange at 
the surface (which is a function of wind speed), and m is a coefficient of turbulent exchange that varies with 
stability and wind speed. The value of m was obtained empirically for four separate classes of flow regimes, which 
were defined on the basis of the temperature difference between the sol-air temperature of the surface and the 
dry bulb temperature of the air at the reference site (Table 1): 

Table 1: Values of the coefficient of turbulent exchange m  for different mixing regimes 

Mixing regime surface temperature 
elevation [K] 

mixing coefficient m 

negligible mixing            ∆T< -2 0.61 
light mixing     -2 <∆T< 0 0.76 
moderate mixing       0 <∆T< 5 0.81 
vigorous mixing       5 <∆T 0.92 

 
3.  FIELD DATA 
Continuous field measurements were carried out in Adelaide, Australia, for almost a year.  Data were recorded at 
two adjacent street canyons located in the central business district: Chesser Street, which runs north-south, and 
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French Street, which has an east-west axis. Measurements at these sites included air temperature (at several 
points in each street cross-section), relative humidity, wind speed and wind direction. These data were compared 
with hourly data provided by the Australian Bureau of Meteorology (BoM) from the Kent Town station, which is 
located in a suburban area about 1.7 km east of the urban sites, just outside a green belt surrounding the central 
business district of Adelaide. Data representative of the whole of the study area included global solar radiation; 
diffuse solar radiation and net all-wave radiation.  
 
4.  MODEL CALIBRATION AND VALIDATION 
The validation of the model is based on comparing predicted temperatures with observed data assembled in the 
experimental phase of the project. An obvious difficulty in applying standard goodness of fit tests to the predicted 
and observed temperature records in the current experiment is that there is a high degree of auto-correlation 
between the variables. Thus use of the correlation coefficient (r) or its square (r2) is insufficient. Therefore, in 

addition to comparing the observed and predicted variates’ respective means (O , P ) and standard deviations 
(σo, σp); the intercept and slope of a least squares linear regression between the variates; the errors described by 
the root mean squared error (RMSE), and its systematic and unsystematic components, an additional indicator 
was used, the Williamson confirmation factor (Williamson, 1995) that gives a measure of the bias, variance, and 
covariance of two time series. 
The model was calibrated on the basis of data for June 1999. Empirical values were obtained for the coefficients 
of the heat storage expression, for the soil moisture and for the coefficient of turbulent exchange at the canyon 
top (Table 1), so as to minimize the error in prediction of canyon air temperature (Erell and Williamson, 2006). 
The simulation was then run for three other month-long periods using constant values for these coefficients. 
Visual inspection of the graph for the first nine days of May 1999 (Figure 1) is reassuring, since it demonstrates 
that the main trends, such as the nocturnal urban heat island, are described fairly accurately. Various statistical 
measures evaluating the quality of the predictions are shown in Table 2.  

Figure 1: Comparison of measured and predicted air temperature at the urban canyon site. 

 

Table 2: Validation statistics for different time periods.  
June data (shaded cells) were used to calibrate the model. 

period of analysis 
Parameter 

May June Nov. March 
total number of hours 744 720 720 744 
mean error 0.00 0.00 -0.27 -0.37 
standard deviation of the error 0.87 0.98 0.85 1.13 
maximum error 3.40 4.67 2.94 4.14 
minimum error -3.14 -2.43 -3.04 -4.11 
mean square error (MSE) 0.761 0.969 0.789 1.416 
systematic MSE 0.016 0.163 0.103 0.180 
unsystematic MSE 0.745 0.805 0.687 1.236 
Theil inequality coefficient 0.029 0.038 0.019 0.028 
Williamson degree of confirmation 0.583 0.564 0.328 0.339 
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5.  DISCUSSION AND CONCLUSIONS 
Accurate determination of the surface heat exchange coefficient hc has a direct bearing on the accuracy of the 
CAT model. The difficulty of assessing this parameter in environments with a complex aerodynamic morphology, 
such as the urban canyon, means that in practice, accurate predictions of the effect of sensible heat flux on air 
temperature require fairly accurate modelling of wind speed near the surface. In its present form, CAT is limited to 
urban configurations where a simple lee vortex is formed, and is inapplicable where the canyon is too shallow, 
resulting in isolated roughness flow, or where it is very deep, resulting in very weak coupling of street-level wind 
with air above the canyon. 
Assessment of the sensible heat flux is sensitive to the value of the coefficient α, which describes the availability 
of moisture in different environments, and may range in value between zero in hyper-arid locations to about 1.4 
over oceans (Grimmond and Oke, 2002). In most urban sites it is likely to be in the range 0.4-1, but a more 
accurate determination may require calibration of the CAT model to a variety of locations on the basis of 
experimental data from on-site monitoring.    
The CAT model, in common with many models of the urban microclimate, assumes that net advective heat 
transfer within the urban area is negligible. It is therefore applicable where building density, typology and ground 
cover in the source area for energy fluxes are fairly uniform. However, the presence of urban parks or large 
variations in building height and street sections in close proximity to the canyon being modelled may result in 
errors whose magnitude is affected by their distance from the canyon, the direction of the wind and the intensity of 
the fluxes.  CAT is also incapable of analysing differences between the reference site and the urban canyon that 
result from meso-scale properties of the sites such as topography or elevation. 
Finally, while the CAT model shows satisfactory results in the present study it remains to be seen whether the 
empirical calibration factors deduced from the Adelaide data may be applied in substantially different micro 
climates. Nevertheless, this study has demonstrated that a relatively simple analytical model of the urban canyon 
has the potential to provide estimates of air temperature that are substantial improvements over the trivial case of 
using unprocessed data from a reference weather station.  
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Abstract 
 
The access and quality of digital spatial data covering urban areas have increased substantially in recent 
decades. As a result new methods using different kinds of spatial data within the field of urban climatology has 
been developed. This paper illustrates how digital data could be used to analyze spatial variations of the urban 
climate using a detailed Digital Elevation Model (DEM). Parameters such as the Sky View Factor (SVF) and 
insolation properties are modeled using municipality data covering the central areas of the city of Göteborg in 
Sweden. Model validation is conducted using hemispheric photographs and meteorological measurements. 
 
Key words: GIS, shadow casting, sky view factor,   
 
 
1. INTRODUCTION  
 
Urban areas are an example of the most drastic man-made land use changes where primarily geometry and 
surface characteristics have been, and are constantly, being altered. Urban geometry is known to be one 
important factor contributing to urban temperature variations (e.g. Oke 1981, Bärring et al. 1985, Eliasson 1996). 
The sky view-factor (SVF) is often used to describe the urban geometry and intra urban temperature variations 
(e.g. Upmanis 1999, Svensson 2004) but also other measures of urban geometry have been used e.g. 
height/width ratio (Goh & Chang 1999) and frontal area index (Grimmond & Oke 1999). A comprehensive 
literature review of SVF–temperature variations within urban areas made by Unger (2004) showed that the results 
from previous studies are rather contradictory, probably since comparison often were based on few element pairs 
measured at selected sites within the city. Unger (2004) suggests that further studies should focus on comparison 
between areal means of both geometry and temperature variations. 
 
Modern GIS-based urban 3D models open new possibilities to describe and develop measures of geometry 
applicable in urban climate research (e.g. Ratti & Richens 1999). Ratti (2001) utilizes high resolution raster DEMs 
for computing images of continuous sky view factors. This SVF-model has been validated and the model presents 
very accurate results (Brown et al. 2001, Lindberg 2005). 
 
The overall purpose of this study is to consider the possibilities and limitations by using raster DEMs in urban 
climatology. The specific objective of this paper is to study the relationship between intra urban nocturnal 
temperature variations and urban geometry using a DEM covering the central parts of Göteborg, Sweden. 
 
2. METHODS AND STUDY AREA   
 
3.1. The DEM and the modeling process  
The DEM used in this study is derived from a vector database managed by the municipality in Göteborg. Since 
the raw data is mainly used for planning purposes both spatial accuracy and precision is very high which makes it 
possible to produce a very detailed raster image. Some spatial information is lost in the vector-raster conversion 
but the over all quality of the final DEM is very satisfying (Fig. 1). The information included in the DEM used in the 
paper is only building geometry and ground elevation. Information about land use patterns and vegetation is not 
included in the model. 
 
A shadow casting algorithm developed by Ratti & Richens (1999) underlie the GIS-analysis in this study. It is used 
for calculating shadow patterns on a raster image. The algorithm is fairly straightforward: the altitude and azimuth 
of a distant light source (the Sun) is used as input information together with the DEM. Based on the azimuth, a 
direction of computation is decided and the altitude determines the subtraction value to be applied by every pixel 
movement in the output image. If a neighboring pixel has a higher computed value than the original DEM the 
computed cell is recorded as a non-shadow pixel and the computation is moved on to the next neighboring pixel 
based on the azimuth direction. When the computed pixel value falls below the pixel value in the input DEM 
(adjacent building structure or ground) the computation stops and shadow patterns are produced. By using the 
shadow casting algorithm it is possible to calculate SVF for all pixels in a DEM by randomly cast 1000 shadows 
from the whole hemisphere. To get correct SVF values the point normal to the surface plane on the hemisphere 
must have a higher weighted coefficient than a point closer to the horizon due to heat transfer theory. This is done 
by using the sum of the cosine weighted elemental solid angles on the whole hemisphere. Validation was made 
by comparison between extracted values from Fig 2 and SVF-values derived from hemispheric photographs.  
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Figure 1. Urban DEM over the central parts of                     Figure 2. SVF image for the central parts of     
                Göteborg.                 Göteborg made from municipality data base. 
 
By using another algorithm which calculates the positions of the sun on the hemisphere based on season, time of 
day and position on a sphere the sun’s path over the sky can be calculated, thus establishing the length of time a 
certain pixel in a DEM is exposed to sunlight. Calculating the sun’s position according to a particular time interval 
for a certain day of interest and then using the obtained altitudes and azimuths as inputs in the shadow casting 
algorithm, maps of temporal sun exposure are produced. Finally, adding a third algorithm calculating the 
theoretical maximum of direct incoming solar radiation based on sun altitude angle is added which makes it is 
possible to produce images showing potential direct incoming shortwave radiation based on a certain time interval 
(e.g. one day).  
 
3.1. Meteorological measurements 
Air and surface temperatures (Ta and Ts) were obtained through automobile measurements during four occasions 
in April 2003 and three occasions in March 2006. The measurements made in March, vegetation were defoliated 
while the April measurements were made within the vegetation season. The traverses were conducted three hour 
after sunset during clear and calm weather situations which followed a clear day. Each measurement lasted for 
approximately thirty minutes and the data were time corrected to exclude the decrease of nocturnal air and 
surface temperatures. Information about the weather conditions during the measurements were obtained from 
weather stations located within the study area. The routes of the traverses were designed so that different kinds 
of urban geometry and land use types were included.   
 
For air temperature measurements a Rotronic YA 100 was placed 2 metres above ground level (car roof) and for 
surface temperature a Heimann KT 15 SMD was used. Recording of both Ta and Ts were automatically made 
every 10 meter. Additional configuration of the data acquisition situated in the measurement car made it possible 
to include a marker in the raw data file so that certain points on the route could be specified. This made it possible 
to locate referenced points for latter comparison with model results. A total number of 57 measurement points 
were extracted evenly spread out throughout the study area. SVF-values were also extracted from 27 
hemispheric photographs for model validation.  
 
3. PRELIMINARY RESULTS 
 
Modeled values of SVF are shown in Fig 2. The area in the south part of the image where high SVF-values are 
found and that is stretching out in a southwest-north east direction is a large green area. Note the high variation of 
SVF that is evident in short distances. Hence, the positioning of the meteorological point measurements and 
hemispheric photos for model evaluation are of great importance. The validation of the SVF-algorithm in 
combination with the Göteborg DEM (pixel resolution=0.5 m) showed very satisfying results (R2 = 0.95, P<.001). 
Using a very detailed DEM for this type of algorithm demands plenty of computational power. A small test where 
pixel size in the original DEM was increased showed that the computational time decreased exponentially. The 
correlation of determination was satisfying (R2>0.93) up to pixel sizes of 4 meters. At model pixel size of 5 meter 
R2-value sharply decreased since lower model resolution reduce the precision of the building structures which 
cause some validation points to be located at roof level instead of ground level. 
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3.1. Images of mean potential direct incoming short wave radiation 
 
In order to examine the influence of daily heating on intra urban temperature differences images of daily averages 
of potential direct incoming short-wave radiation (Gpot) were produced (Fig 3). The total surface area blocked from 
sunlight from building structures is decreased appreciably from 5 March (Fig. 3, left) to 22 April (Fig 3, right). The 
amount of potential direct incoming short-wave radiation is also considerable higher in April than in March which 
increases the potential daily surface heating. 

 
Figure 3. Daily average of potential direct incoming short-wave radiation for 5 March (left) and 22 April (right). 

Pixel values are in Wm-2. 
 
3.2. Intra urban surface temperature variations 
 
A linear regression analysis between surface temperature and two properties affected by urban geometry, SVF 
and mean potential direct incoming short-wave radiation was made. The number of element pairs included in 
each regression analysis is 46 because measurement points located in the large green area were excluded since 
the modeled SVF-values are overestimated in that part of the model. Measurement points close the edge of the 
model was also excluded. A shift from SVF in March to Gpot in April as the most dependent factor for surface 
temperature variations was found.  
 
4. DISCUSSION 
 
Using local municipality data for producing a high resolution DEM of urban geometry is very suitable when 
detailed spatial information is required. One limitation is that the conversion from vector to raster format results in 
loss of information. Another limitation is data accessibility. Datasets where building heights is included is still rare.  
The advantage of using raster images instead of vector data is the possibility to examine larger areas (e.g. cities) 
since geometric calculations is faster using raster images. If very large areas are studied image resolution could 
be decreased. In a typical urban setting such as the city centre of Göteborg (mean canyon width=7m) pixel size 
could be increased to 4 meter without any appreciable information loss and therefore computational time could be 
decreased.  
 
The shift between SVF to Gpot as the most dependent factor for Ts variations between the March and April 
measurements are probably due to differences in daily heating. The difference between the two images in Fig 3 is 
evident both concerning the spatial patterns and the magnitude of Gpot. The R2-values calculated during the linear 
regression analysis between surface temperature and modeled SVF and Gpot images are low for the time of 
writing of this paper. This is probably because of inaccurate positioning of the measurements points. Correction 
and reanalyzing will be performed before the ICUC6 presentation. Other reasons why low R2-values are evident 
could be that the DEM only includes building structures and ground heights. Factors such as vegetation, surface 
material, land use patterns and anthropogenic heat fluxes also affect the spatial patterns of surface temperature 
variations are not included in the model.  
 
Detailed raster DEMs for urban areas are getting more accessible, foremost mapped using different airborne 
techniques (e.g. laser scanning). One problem with some of these techniques is that the spatial distortion at the 
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edges of images is lowering accuracy which could be required for a complex domain such as for an urban area. 
The advantage of using local municipality data meant for planning purposes is the high accuracy and precision.  
 
5. FURTHER RESEARCH 
 
Corrections will be made in order to increase the accuracy of locations of the measurement points. Some points 
will also be excluded where large variations in urban geometry over short distances are evident (e.g. crossing 
areas and where street canyons turn into open spaces). 
 
Unger (2004) argues that high number of element pairs should be used since specific sites could be influenced by 
micro-variations on the immediate environs. Since measurement of Ta and Ts in this study is recorded every 10 
meter it is be possible to extract a very high number of element pairs and hence the problem with micro-variations 
at specific sites could be eliminated. Ta will be studied according to the recommendations made by Unger (2004) 
who states that areal means should be used in order to reduce micro-variations and to include advective effects 
from the wider environment.  
 
Instead of using daily mean of Gpot, actual measurements of incoming short wave radiation will by used to 
examine the consequences of daily heating for nocturnal intra urban temperature variations. The influence of 
heating during certain periods of a day will also be investigated (e.g. morning or afternoon).  
 
Opportunities of using airborne infrared mapping will also be possible. Images of continuous surface temperature 
patterns will be examined in relation to similar model results presented in this paper.  
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Abstract 
 
In this paper, firstly, building morphological characteristics are determined from detailed building height and land 
use/land cover data of Beijing. Then, urban canopy parameters are derived which can be used directly in urban 
canopy model. Due to the special urban layout of Beijing (old town is surrounded by new town), the building 
morphological parameters and urban canopy parameters for Beijing have special distribution. The effect of 
buildings on the wind field is investigated with the aid of a regional scale PBL model with urban canopy 
parameterization, and the simulation result is compared with the observational data from automatic weather 
stations. In future, research on the effect of urbanization on temperature, precipitation and air quality will be 
carried out.  
 
Key words:  building morphological characteristics, urban canopy model, PBL model, wind, Beijing 
 
 
1. INTRODUCTION  
 
With rapid urbanization, the effect of urban canopy on meteorological condition and the atmospheric environment 
becomes more and more distinct. For example, the wind speed in downtown is less than that in suburb, which 
affects the transportation and diffusion of pollutants from traffic, living and industry, and leads to serious air 
pollution in urban area. So research on the effect of urbanization on wind field is very important and scientists 
have attached importance to it. Numerical simulation is a significant approach on this study. In the face of multi-
scale heterogeneous urban boundary layer (UBL), urban canopy model (UCM) (to parameterize the effect of sub-
grid urban building on UBL) is usually used in numerical models. Urban building morphological 
characteristics/parameters are essential to UCM. These researches are especially urgent for the city of Beijing.  
 
In this paper, firstly, building morphological characteristics are determined from detailed building height and land 
use/land cover data of Beijing. Then, urban canopy parameters are derived which can be used directly in urban 
canopy model. The effect of buildings on the wind field is investigated with the aid of a regional scale PBL model 
with urban canopy parameterization, and the simulation result is compared with the observational data from 
automatic weather stations (AWS).  
 
2. BUILDING MORPHOLOGICAL CHARACTERISTICS OF BEIJING 
 
Building morphological characteristics for Beijing are determined from detailed building height and land use/land 
cover data of Beijing, including plan-area-weighted average building height (h), plan area fraction (Fig.1a), frontal 
area index, complete aspect ratio, building surface area to plan area ratio, roughness length (z0), displacement 
height (zd), et al.  
 
3. NUMERICAL SIMULATION OF THE EFFECT OF BUILDINGS ON THE WIND FIELD IN BEIJING 
 
3.1. Numerical model (PBL model and urban canopy par ameterization) 
 
In order to simulate the effect of buildings, the building canopy parameterization (Coceal et al., 2004 and Coceal 
et al. 2005) is introduced into a regional scale PBL model RBLM (Xu et al. 2002, Jiang et al. 2002 and Wang et al., 
1998). A new term representing the building canopy element drag is added to the momentum equations, which 
can be expressed as 
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Where h is the plan-area-weighted average building height, 1-β is the fractional volume occupied by air in the 
canopy, Cd(z) is the sectional drag coefficient (Macdonald, 2000), and λf is the total frontal area per unit ground 
area. 
 

 

       

Fig.1  Building characteristics at 1-km grid resolution for Beijing: (a) Building plan area fraction; (b) The building 
canopy ‘density’, h/Lc (The circles from inner to outer are the 2nd, 3rd, 4th and 5th Circle, the transverse line is 

Chang An Street, and the symbol ‘o’ represents the position of Tian An Men) 
 
3.2. Urban canopy parameters 
 
Further, urban canopy parameters are derived which can be used directly in urban canopy model, including 
canopy drag length scale (Lc), wind adjustment length scale (x0), building canopy ‘density’ (h/Lc) (Fig.1b) et al. It 
can be seen from Fig.1 that due to the special urban layout of Beijing (old town is surrounded by new town), 
above parameters for Beijing have special distribution. The maximum of building plan area fraction appears in the 
range of the Second Circle, while the ‘densest’ building canopy is between the Second Circle and the Forth Circle. 
 
3.3. The effect of buildings on the wind field 
 
Fig.2a and Fig.2b shows the simulation result with uniform initial field (u10m=3m/s under adiabatic conditions). We 
can see from the figures that due to the building element drag, the wind in urban area is less than that in suburb 
and rural area at the height of 2.5 m and 10m, and the distribution is consistent with the urban layout. Further 
analysis indicate that, at the height of 2.5 m, there are some regions with negative wind speed (u), which is 
corresponding to the sharp decreasing of the plan-area-weighted average building height (flow from the taller 
building canopy). 
 
3.4. Comparison between simulation result and AWS ob servation 
 
The observational data from AWS are averaged under west wind condition and shown in Fig.2c. We can see that 
there is a negative wind speed (u) region from Northwest to Southeast of the Second Circle, which is 
approximately corresponding to the negative wind speed (u) region from numerical simulation (Fig.2a). 
 
4. CONCLUSION 
 
Based on the building morphological parameters and urban canopy parameters, the building canopy 
parameterization is introduced into a regional scale PBL model RBLM, and the effect of buildings on the wind in 
Beijing is simulated and compared with the observational data from AWS. 
 
The analysis shows that,  
 
(1) Due to the special urban layout of Beijing (old town is surrounded by new town), the building morphological 
and urban canopy parameters for Beijing have special distribution. The maximum of building plan area fraction 
appears in the range of the Second Circle, while the ‘densest’ building canopy is between the Second Circle and 
the Forth Circle. 
 
(2) The regional scale PBL model RBLM with the building canopy parameterization can simulate the effect of 
buildings on the wind field, and some detailed characteristics from numerical simulation is consistent with the 
observation from AWS. For example, there is a negative wind speed (u) region corresponding to the sharp 
decreasing of the plan-area-weighted average building height (flow from the taller building canopy). 
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Fig.2 The distribution of wind speed u: (a) Simulation result (z=2.5 m); (b) Simulation result (z=10 m);  
(c) AWS observation 

 
 
 
Acknowledgements:  This work was funded by National Natural Science Foundation of China (No. 40505002), 
Beijing Natural Science Foundation (No. 8051002), and Beijing New Star Project of Science and Technology (No. 
2005A03). 
 
 
References 
Burian, S. J., Brown, M. J., Linger, S. P., 2002, Morphological analysis using 3D building databases: Los Angeles, 
California, Los Alamos National Laboratory, LA-UR-02-0781 
Coceal, O., Belcher, S. E., 2004, A canopy model of mean winds through urban areas, Q.J.R.Meteorol.Soc., 130, 
1349-1372 
Coceal, O., Belcher, S. E., 2005, Mean wind through an inhomogeneous urban canopy, Boundary-Layer 
Meteorology, 115, 47-68 
Jiang, W., Zhou, M., Xu, M., Wang, W., 2002, Study on development and application of a regional PBL numerical 
model, Boundary-Layer Meteorology, 104, 491-503 
Macdonald, R. W., 2000, Modelling the mean velocity profile in the urban canopy layer, Boundary-Layer 
Meteorology, 97, 25-45 
Wang, W., Jiang, W., 1998, A 3-dimensional nonhydrostatic dispersion modeling system for modelling of 
atmospheric transport and diffusion over coastal complex terrain in Hongkong-Shenzhen Area, Meteorology and 
Atmospheric Physics, 68, 23-33 
Xu, M., Jiang, W., Ji, C., Liu, H., Gao, Y., Wang, X., 2002, Numerical modelling and verification of structures of 
the boundary layer over Beijing area, Journal of Applied Meteorological Science, 13(Suppl.), 61-68 (in Chinese) 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

414



THE EFFECT OF STRATIFICATION ON THE SURFACE RESISTANCE FOR VERY 
ROUGH VEGETATED AND URBAN SURFACES  
S. S. Zilitinkevich1, A. A. Baklanov2, I. Mammarella3, S. M. Joffre3 

 1 University of Helsinki, Atmospheric Science Department, Finland;  
2 Danish Meteorological Institute;  
3 Finnish Meteorological Institute  

 
 
Abstract 
 

The concepts of the roughness length, uz0 , and displacement height, ud0 , has been introduces in engineering 

fluid mechanics to parameterize the effect of the flow interaction with the surface roughness elements in the wall 

law linking the surface stress (or friction velocity, ∗u ) with the mean flow velocity. It is recognised that uz0  

depends on the typical height, 0h , and the shape of roughness elements and, over smooth surfaces, on ∗u  and 

the molecular viscosity  ν ; ud0  is usually taken proportional to 0h . These concepts have been universally 

adopted in environmental fluid mechanics, although land surfaces are often complex and extremely rough. 

Roughness elements, e.g. for urban or forest canopies, could be as high as 0h ~ 20-50 m, which is quite 

comparable with the Monin-Obukhov length scale, L, characterising typical sizes of turbulent eddies. In these 
conditions it is only natural to expect that the surface resistance, and therefore the effective values of the 

roughness length, 0z , and displacement height, 0d , could depend on the static stability / instability. To the best 

of our knowledge, the effect of stratification on 0z  and 0d  was never considered until present. We develop a 

theoretical model accounting for this mechanism and validate it against experimental data. It is disclosed that the 

stability dependence is especially strong in stable stratification, where asymptotically 0z ~L. Over boreal forest in 

winter time this leads to 0z  more than an order of magnitude smaller that uz0 . Recommended formulations are 

ready for use in modelling applications.  
 
Key words: roughness length; urban or forest canopies; stable and unstable stratifications; velocity profile. 
 
 
1. INTRODUCTION 
 
Numerical weather prediction (NWP), climate and meso-meteorological models consider the roughness length, z0, 
as a constant for each grid cell with different combinations of land-use classes, according to classical theory. 
However, based on experimental data, several authors showed that z0 may depend on the temperature 
stratification (Arya, 1975; Joffre, 1982; Wood and Mason, 1991; Hasager et al., 2003). Especially, this effect can 
be considerable for very rough surfaces, like the urban canopy. However, there were no theoretical background 
and practical parameterizations for the dependences z0 on the atmospheric stability. Let us consider separately 
the roughness length, z0, for stable and unstable stratifications. 
 
2. SUGGESTED MODEL FORMULATION 
 
2.1. Stable stratification 
 
Consider the familiar velocity-gradient formulation for the stable stratification: 
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where 1.2≈uC  (Høgstrøm, 1995; latest studies (e.g., Esau, 2004) show that the value of Cu is higher, ≈ 2.8) is 

an empirical dimensionless constant, z** is a matching height, and L is the Monin-Obukhov length: 
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Where bsF qss gFF 61.0+= θβ  is the buoyancy flux at the surface, which includes the temperature flux, sFθ , 

and the humidity flux, qsF ; qsF ; g is the acceleration due to gravity; 0/Tg=β  is the buoyancy parameter; and 

0T  is a reference value of absolute temperature.  

Eq. (1) yields to the following eddy viscosity profile: 
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and wind velocity profile: 
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(4) 

where uz0  is the roughness length for momentum For reasonably rough land surfaces uz0  is 10 to 30 times 

smaller than the characteristic height of the roughness elements, 0h  (e.g., Monin & Yaglom, 1971). For a big city, 

0h ≈30 m. The displacement height in the above formulation is not shown for the simplification, but it can be 

easily included for practical use.  
 
Recall that stable stability conditions with the MO length L≈50 m or less is not exceptional. In the case that  

    uuu zChCL 00 )3010( ÷=< ,  

the logarithmic interval in the velocity profile does not exist, and the near-surface flow acquires some properties of 
the laminar flow:  

• The eddy viscosity becomes depth-constant: Lu
C

K
u

M ∗

κ
~ . 

• The wind profile becomes linear, 
L

zuC
zu u

κ
∗=)( , and insensitive to the presence of roughness elements. 

Physically this means that hollows between roughness elements are filled with so dense fluid that the surface 
becomes as if dynamically smooth.  
 
To include this regime in the context of the traditional parameterization of the flow-surface interaction, consider a 

“quasi-viscous sub-layer” depth scale analogous to the usual viscous sub-layer depth δ = ∗u/ν , where ν  is the 

molecular viscosity. Substituting our depth-constant eddy viscosity LuCK uM ∗

−1~ κ  for ν , yields  

∗
∗ =

u

KMδ = LCu
1−κ .    

 
(5) 

Now recall that for dynamically smooth surfaces the effective roughness length is δ1.00 =uz  (e.g. Monin & 

Yaglom, 1971). Hence in sufficiently stable stratification [determined by Eq. (4)] the roughness length becomes  

uz0 = ∗δ1.0 = 0.1 LCu
1−κ ≈0.02L. 

 

(6) 

Then a reasonable interpolation formula for the effective roughness length covering neutral, moderately stable 
and very stable stratification regimes is  
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Here, SC0  is an empirical dimensionless constant. The above analysis suggests its reference value: 

≈= −1
0 10 κuS CC 50.  

 
To include regimes over very smooth surfaces (such as ice or snow) consider the classical viscous sub-layer limit: 
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Then instead of Eq. (3.7) a more general interpolation formula could be proposed: 
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where ν0C ≈ 10 is a dimensional constant.  

Notice that Eq. (9) includes a well-known simplified version: 
1

000 Re)1(/ −
− += νCzz ueffectiveu , where Re 

= ν/0 ∗uz u  is the surface Reynolds number. This formula reasonably accurately describes the transition between 

the smooth and the rough surface regimes.  
 
2.2. Unstable stratification 
 
The velocity profile in unstable stratification is given by (e.g., Kader & Yaglom, 1990): 
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where 7.1≈UC  is an empirical constant. When |L| is very small or the height of the roughness elements, 0h , 

very large so that || LCho ∗> , there is no room for the log profile. Then the free-convection form of the velocity 

gradient extends down to the roughness layer: 
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In this regime the turbulence of purely convective origin dominates throughout the surface layer and controls the 
flow-obstacle interaction. Accordingly the velocity profile cannot be described by the two-layer “mechanical + 
convective turbulence” model, Eq. (10), which involves the traditional roughness length.  

Clearly, the free convection formulation for the eddy viscosity, 
3/43/11 zFCK bsUM

−=  [consistent with Eq. (11)], 

becomes inapplicable in the roughness layer, where the turbulent length scale is no longer proportional to the 
distance from the surface, z.  Instead it could be taken proportional to the typical height of the roughness 

elements, uzh 00 30~ . Because the energy production is basically due to the buoyancy forces, a reasonable 

scaling estimate of the eddy viscosity in the roughness layer becomes 
3/4

0
3/1 )30(~ ubsM zFK . 

Interpolating between the above two formulae for MK , namely, taking 
3/4
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gives the mean velocity profile: 
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where 0C  is a dimensionless constant. Grachev et al. (1997) compared Eq. (13) with observational data and 

concluded that the “free-convection roughness length”, uzC 00 , is essentially larger than the usual roughness 

length uz0 . This looks physically reasonable. Indeed, in strong convection the buoyancy driven eddies in the 
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roughness layer penetrate down to the very bottom of the hollows between the roughness elements, which is why 

the turbulent length scale could be as large as the total height of the roughness elements uzh 00 30~ .  

It is conceivable that even before achieving the free convection regime in the roughness layer, the role of the 
buoyancy forces in this layer could be pronounced. Then, in the light of the above reasoning, the effective 

roughness length effectiveuz −0  should increase with increasing ||/0 Lz u  from the neutral-stability value uz0  

towards the free-convection value uzC 00 .  

The dependence of effectiveuz −0 / uz0  on ||/0 Lz u  should be determined empirically. Analytical approximation of 

this dependence is not a principal issue. For example, it could be taken  
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where 1C  is an empirical constant, or any other way – as dictated by experimental data. 

 
3.  COMPARISON BETWEEN THEORY AND EMPIRICAL EVIDENCE 
 
The expressions developed above for the dependence of z0 against buoyancy forces imply that z0 decreases as 
stability increases for rough surfaces. Under unstable cases, (14) is more difficult to interpret and depend on the 
numerical value of the unknown constants C1 and C2, but an increase of zo is expected from physical reasoning. 
From accurate wind tunnel data over a smooth surface, Arya (1975) found that the depth of the viscous layer 
increases while the skin friction decreases with increasing stability, implying a decrease of the roughness. Joffre 
(1982), also observed a sharp decrease of the roughness parameter zo with increasing stability, for a ice-covered 

sea surface (conditions going from smooth to slightly rough).  On the other hand, both authors did not find any 
clear trend under unstable cases, except for a slim indication of an increase of zo under their most unstable 

conditions.  
Both authors explained their observations by the fact that possibly the stabilising effect of buoyancy suppresses 
turbulence more effectively than viscosity alone would do. Joffre (1982) proposed an expression for the thickness 
of the viscous sub-layer which displays an increase under stable conditions but a slower decrease under unstable 
conditions. In other words, work done against the force of gravity neutralizes turbulence production by the mean 
flow and an increasing buoyancy flux leads to a thickening of the viscous sub-layer, an increase in the profile 
constant representing the intercept with the z0-level and a reduction in the roughness length z0. Joffre (1982) also 
the envisaged the possibility that this observed z0-dependence may be an artefact of a missing correction to be 
made to the MO-theory due to the coupling between radiative and turbulence flux which should modify the 
theoretical profiles. 
The proposed formulation was verified versus the Sodankyla data (forest canopy in Northern Finland) and the 
BUBBLE experiment data (urban area of Basel, Switzerland).  
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Abstract 
 
As part of the development of an integrated multi-scale advanced emergency response system for North 
American cities, the Meteorological Service of Canada (MSC) is currently working at improving the accuracy of 
Canadian meteorological models to predict urban flows and atmospheric dispersion. This new urban modeling 
system includes several aspects such as extension to 3D turbulence diffusion and inclusion of urban processes 
with an urban canopy parameterization scheme.  A classification methodology based on satellite imagery has 
been developed to generate new land cover databases for major cities.  As a first validation of the urban modeling 
system, high-resolution simulations of the structure of the atmospheric boundary layer are currently done for 
Oklahoma City, and compared against observations from the Joint Urban 2003 experiment.  Two field campaigns 
(MUSE - Montréal Urban Snow Experiments) were conducted during March-April 2005 and February-March 2006 
to document the energy exchanges between the urban canopy and the atmosphere under cold, snowy situations 
and during the snow melting period.  An overview of the various components of the MSC urban modeling program 
is presented, together with an outlook at future activities. 
 
Key words: urbanized mesoscale model, urban canopy, urban boundary layer 
 
 
1. INTRODUCTION  
 
The Meteorological Service of Canada (MSC) has recently launched a program to improve the representation of 
cities in the Canadian meteorological models. This is part of a larger project funded by the Canadian CBRN 
(Chemical, Biological, Radiological, and Nuclear) Research and Technology Initiative (CRTI), which aims at 
developing an advanced emergency response system based on an integrated, multi-scale modeling system for 
the accurate and efficient prediction of urban flows and atmospheric dispersion over populated North American 
cities.  It involves collaboration between several governmental (MSC, Defence R&D Canada, Atomic Energy of 
Canada Limited) and academic partners (Universities of Waterloo and Calgary). This advanced emergency 
response system will provide a real-time modeling and simulation tool to predict injuries, casualties, and 
contamination due to hazardous material releases, and to make relevant decisions (based on sound technical and 
scientific grounds) to minimize their consequences based on a pre-determined decision making framework. A 
prototype version of this system is planned for quasi-operational runs at the Environmental Emergency Response 
Division of the Canadian Meteorological Centre in summer 2007. 
 
2. OVERVIEW OF THE URBAN MODELING SYSTEM 
 
The MSC contribution to the CRTI project focuses on the meso-γ to micro-α-scale component (grid-size 
resolutions ranging from 20km down to about 200m). The partners will provide CFD microscale models (at the 
street- and building-scales) and Eulerian or Lagrangian stochastic dispersion models, which will be driven by the 
“urbanized” mesoscale models. The development of the MSC urban modeling system comprises several aspects: 
1) extension of our turbulent diffusion scheme to 3D turbulence, 2) inclusion of urban processes with the Town 
Energy Balance (TEB) urban canopy scheme (Masson, 2000), 3) generation of new land covers characterizing 
urban types, and 4) specification of anthropogenic heat fluxes for use in TEB. 
 
2.1. 3D turbulence 
 
Our current 1D (vertical) turbulent diffusion scheme assumes that mixing of atmospheric properties (temperature, 
moisture, momentum) is mostly due to the large eddies in the boundary layer.  Since high-resolution models (less 
than 1-km grid size) are starting to resolve those large eddies, one needs adjustments to the diffusion scheme to 
avoid a “double-counting” of the effects of diffusion. A modified strategy has been introduced, based on quasi-
isotropic 3D diffusion. The generalization of the turbulent diffusion includes additional terms for the horizontal (x 
and y) contributions of the dynamic Reynolds stress components and of the turbulent diffusion terms. Similar 
terms have also been introduced in the TKE budget equation. Finally, the formulation for the mixing and 
dissipation length scales has been modified, using a Smagorinsky-Lilly approach, and depends explicitly on the 
model grid size. This more general formulation allows for a smooth transition of the intensity of the diffusion 

                                                 
1 Corresponding author address: Jocelyn Mailhot, RPN, 2121 Trans-Canada Highway, Dorval, Québec, Canada 
H9P 1J3; e-mail: jocelyn.mailhot@ec.gc.ca. 
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scheme as a function of the model resolution and will ease the extension to LES-type applications (with typical 
resolution of a few tens of meters) in the future.  
 
2.2. TEB urban scheme  
 
The TEB scheme (Masson, 2000) is an urban canopy model, specifically dedicated to built-up covers, 
parameterizing the energy and water exchanges between urban surfaces and the atmosphere. It represents a city 
as an ensemble of idealized urban canyons (Oke, 1987) formed of roofs, walls and roads. Separate surface 
energy budgets are solved for each of these three different canyon surfaces. TEB takes into account the 3D 
geometry of the urban surfaces for radiative trapping and shadow effects, heat storage, mean wind, temperature 
and humidity inside the streets, and water and snow on roofs and roads. Additional assumptions are the isotropy 
of the street orientations, and no crossing streets. TEB has been included for several years now in the French 
Meso-NH atmospheric model and was recently implemented in the Canadian GEM and MC2 models. TEB has 
been already tested for several European cities. In particular, summertime episodes have been simulated with 
Meso-NH for Paris and Marseille (e.g. Lemonsu and Masson, 2002; Lemonsu et al., 2005) and are currently 
studied for Toulouse, within the framework of the CAPITOUL experiment (Lemonsu et al., 2006a).  
 
2.3. Urban cover classification  
 
To be able to run atmospheric models with the TEB urban canopy parameterization, the land-use and land-cover 
classifications must include specific urban covers, which characteristics and properties are different from those of 
natural covers. The Canadian land cover database currently includes only water, ice, and various types of soils 
and vegetation covers. Therefore, a general methodology has been developed to provide urban land-use 
classifications in a semi-automatic way for the major North American cities, in order to represent the spatial 
distribution and the diversity of urban areas. This method is based on the joint analysis of satellite imagery 
(Landsat-7, Aster) and digital elevation models (SRTM-DEM, NED, CDED1), in order to take both the surface 
properties and geometric characteristics (building heights) of the urban canopy into account. The application of a 
decision tree model then results in the identification of 12 urban classes, allowing a satisfactory representation of 
urban cover variability. A preliminary methodology has been developed for Oklahoma City and refined for 
Montreal and Vancouver. Details of the methodology and results are given in Lemonsu et al. (2006b).  
 
2.4. Anthropogenic fluxes  
 
Another important input to the TEB urban model is the detailed specification of the emissions of heat and moisture 
from human activities. These anthropogenic fluxes can be of major importance in large North American cities, 
especially during wintertime. They include several components arising from the traffic of vehicles, energy 
consumption from commercial and industrial activities and, to a lesser extent, the human metabolism. In addition, 
the anthropogenic heat profiles must reflect the seasonal, weekly, and diurnal variations characterizing those 
human activities. A general and practical approach such as the “top-down” methodology proposed by Sailor and 
Lu (2004) is currently examined to generate the input data needed to quantify the anthropogenic heating. This 
method has the advantages of using easily available data sources (e.g. census data, transportation statistics, 
electricity and heating fuel use) and is based on a per capita formulation, non-dimensional load profiles and 
variability of the population density. Work is underway to apply and refine this method for the Montreal area, 
before it can be used to build a database for other cities across North America.  
 
3. VALIDATION OF THE URBAN MODELING SYSTEM  
 
As a first validation of the urban modeling system, high-resolution simulations are underway to examine the 
impact of urban processes on the surface energy budget and on the structure of the atmospheric boundary layer. 
The first case deals with a summertime intensive observational period of the Joint Urban 2003 campaign (Allwine 
et al., 2004). The Joint Urban 2003 experiment was held in Oklahoma City, OK, USA, during July 2003 and 
provides a wealth of detailed meteorological observations in a North American urban environment to assess our 
model simulations. In order to underline the main differences observed between North American and European 
cities, Lemonsu et al. (2006a) have compared modeling exercises carried out for Oklahoma City and for 
Toulouse, two cities with comparable populations. Preliminary results indicate that North American and European 
cities can generate quite different urban heat islands and microclimates, and that TEB shows relatively good 
performances during nighttime in both cases. However, certain aspects specific to North American city centres, 
such as daytime maximum air temperatures, are not correctly simulated and adjustments may be needed in TEB. 
 
The next step will consist in simulating cases over Montréal to evaluate TEB under winter conditions, an aspect 
that has not been extensively examined so far. For this purpose, two field observation campaigns (MUSE - 
Montréal Urban Snow Experiment) have been conducted in Montréal during March-April 2005 and February-
March 2006 to document the radiation and energy exchanges between the urban canopy and the atmosphere 
under cold, snowy situations and during the snow melting period. A site located in a dense urban area of Montréal 
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has been instrumented with a 20-m telescopic meteorological tower to provide observations above the urban 
roughness sublayer of radiation budgets and turbulent fluxes, complemented with radiative observations of roofs, 
walls and streets, and of snow cover properties. An overview of the main measurements needed to meet the 
scientific objectives, together with highlights of the results from the MUSE campaign, are presented in Chagnon et 
al. (2006, this Conference).  
 
4. OUTLOOK 
 
The instrumentation and experience acquired during MUSE constitute an interesting starting point for a longer-
term, wider effort for urban measurements across Canada that would be done with partners from various 
organizations, including UBC (T. Oke), UWO (J. Voogt), and KCL (S. Grimmond). This could provide the impetus 
for the setup of a national network of continuous urban surface and upper-air profiles measurement sites to 
monitor and study the urban boundary layer. The long-term goal is to provide Canadian urban residents with 
better weather and air quality forecasts through development of an urban modeling system optimized for 
Canadian urban climates.  This enhanced forecasting capability would contribute to the safety, health and well 
being of Canadians through better understanding of heat stress and wind chill, of dispersion of air pollutants in 
urban environments, and to the better conservation of urban resources.  
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Introduction 
 
 The National Center for Atmospheric Research (NCAR) has developed and 
operationally deployed, for the Washington, DC area, a nested system of four-
dimensional data-assimilation and forecast models that resolve the mesoscale, the city 
scale, the neighborhood scale, and the building scale weather conditions.  The model 
products can be used for a variety of applications, including the tracking of plumes of 
hazardous material accidentally or intentionally released into the atmosphere.  Present 
urban climates can be generated by running the system for periods of years using 
archived large-scale analyses for lateral boundary conditions.  Or future, hypothetical, 
urban climates can be estimated by defining lateral boundary conditions using global-
model simulations of double CO2 scenarios, for example. 
 
The multi-scale urban analysis and forecast system 
 
 The characteristics of the nested system of four data-assimilation and forecast 
models are provided below.   
• On the largest (regional) scale, a version of the Penn State University/NCAR 

mesoscale model, version 5 (MM5, Dudhia 1993, and Grell et al. 1994) that has been 
adapted for the U. S. Army Test and Evaluation Command (the Real Time Four-
Dimensional Data Assimilation (RTFDDA) system) has an outer grid that spans the 
eastern U.S.  There are four computational grids nested within this regional domain, 
with the finest one spanning the Washington, DC area with a 500-m grid increment.  
The forecast length is 36 h.  This model will soon be replaced by its successor, the 
community Weather Research and Forecast (WRF) model. 

• Within the MM5 grid, a four-dimensional Variational Doppler Radar Assimilation 
and nowcasting System (VDRAS, Sun and Crook 2001) covers the city and suburbs.  
This model assimilates the radial-wind data from the U.S. National Weather Service’s 
Sterling, Virginia WSR-88D Doppler radar.  Other standard meteorological 
observations in the area are assimilated to produce analyses and 1-h forecasts of 
winds and other variables every 10 min on a 100 km x 100 km grid with a 1 km 
horizontal grid increment.  Lateral boundary conditions are obtained from the MM5 
model. 

• A higher-resolution version of the above VDRAS system has been adapted for use 
with Doppler lidar data (Chai and Lin 2003), obtained here from a permanently 
installed scanning Coherent Technologies, Inc. (CTI) Windtracer lidar, located on the 
roof of a building.  This Variational Lidar Assimilation System’s (VLAS) 6 km x 6 
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km computational grid spans a significant fraction of the downtown area of the 
Capitol, and has a horizontal grid increment of 100 m.  Both analyses of current 
conditions and 30-min forecasts are produced every 10 min.  This model also 
assimilates Doppler radar and other standard data that are within its domain, and uses 
the VDRAS analyses and forecasts for lateral boundary conditions. 

• The highest resolution models have a grid increment of 2-10 m that can represent the 
detailed structure of buildings and the airflow around them.  One is a Computational 
Fluid Dynamics (CFD) model developed by CFD Research Corporation (CFDRC, 
Coirier et al. 2005), and the other is a much faster rule-based model from the Los 
Alamos National Laboratory (Pardyjak et al. 2004) that computes building effects on 
the wind field based on training using CFD-model solutions and wind-tunnel data.  
The ambient flow field for both models is obtained from the VLAS output, and from 
wind profiles derived from raw data from the Windtracer.  

 
Figure 1 is a schematic of the different models that are centered on an urban area, 
showing their resolutions and dimensions.  
 
The generation of urban climatologies 
 
 NCAR has developed a Global Climatological Analysis Tool (GCAT) for 
defining regional climatologies for any area of the world.  The GCAT is built upon the 
MM5-based RTFDDA data-assimilation system described above, where the mesoscale 
model is used to downscale archived global analyses to the regional scale.  For example, 
assume that a regional climatology is desired for an area in which complex terrain or 
coastlines influence the local atmospheric conditions. The mesoscale model in GCAT is 
run for a multi-year period using lateral boundary conditions from the global analysis, 
while assimilating all available data on the mesoscale domain.  The resulting mesoscale 
climatology is consistent with the large-scale atmosphere, as defined through the lateral 
boundary conditions, and has mesoscale features associated with coastal or orographic 
circulations.   
 In order to construct an urban climatology, GCAT is first run to define the 
mesoscale environment of the city, and then the GCAT solution is used as initial and 
lateral-boundary conditions for a CFD model that defines the street-level climatology.  
For example, see Fig. 2 that shows wind-field and plume climatologies for Oklahoma 
City, Oklahoma in the U.S.  The GCAT was run for numerous dates in June for a 
mesoscale area surrounding Oklahoma City.  Here, the GCAT winds and stability for 
0400 Local Time (LT) for each day were used as input to the CFD model.  The CFD 
model employed here was the EuLag LES model developed at NCAR (Grabowski and 
Smolarkiewicz 2002, Prusa and Smolarkiewicz 2003).  Based on the EuLag solution for 
0400 LT for each day, the depicted average 10-m-above-street-level wind field was 
calculated.  If there are particular locations from which the release of hazardous material 
into the atmosphere is a threat, say chemical plants, a transport and diffusion model can 
use the 0400 LT conditions from each of the days in the climatology to construct a plume 
climatology.  This can then be used for assessing the geographic distribution of risk 
associated with a release from these locations, at this time, during this season.  The figure 
shows the average concentration of plumes, 8 m above street level, 30 minutes after the 
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beginning of continuous releases from three locations.  The atmospheric conditions 
analyzed by GCAT for this time were typically statically stable with a large vertical shear 
of the horizontal wind near the ground.  The climatological wind direction for this season 
and time is southerly, from the bottom of the figure to the top, which is also reflected in 
the direction of the plume transports. 
 
Summary 
 
 A nested, multi-scale system of four-dimensional data-assimilation and forecast 
models, that resolve the mesoscale, the city scale, the neighborhood scale, and the 
building scale weather conditions, has been operationally implemented for the 
Washington, DC area.  Components of this system can also be used to define urban-scale 
climatologies for any city.  A demonstration climatology for Oklahoma City, Oklahoma 
was shown. 
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Figure 1.  Illustration of the multi-scale, multi-model, nested grid system.  See the 
discussion above for information about the individual models. The largest circle 
represents the MM5/WRF RTFDDA mesoscale data-assimilation and forecast system 
that provides regional scale information.  The smaller embedded circles represent the 
VDRAS system that defines city-scale conditions, the VLAS system that defines 
neighborhood-scales, and the CFD models that define the building and street-canyon 
scales.  The numbers to the left of the line at the bottom represent the typical grid 
increments of the models, and the numbers to the right of the line show the approximate 
dimensions of the computational grids.   
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Figure 2.  A June urban wind climatology for 0400 LT in Oklahoma City, Oklahoma, 
where the arrows show the average wind direction as influenced by the mesoscale 
weather and the buildings.  The climatology was constructed by using the GCAT to 
define lateral-boundary and initial conditions for the EuLag LES model that represents 
the effects of the buildings on the mesoscale wind.  The depicted winds apply 10 m above 
street level.  Gray geometric shapes are buildings.  Also shown are average concentration 
patterns, or plume climatologies (see color bar), at 8 m above street level, resulting from 
continuous releases of a neutrally buouant gas at three locations in the city.  The average 
applies 30 minutes after the beginning of the releases. 
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Abstract 
 
A winter air pollution episode occurred in Torino during January 2003 has been investigated through the analysis 
of mesoscale and urban scale meteorology together with air quality measurements. An urban air quality 
forecasting system, developed within the EU funded 5thFP project FUMAPEX, has been used to study local 
circulation and dispersion conditions effects inside the urban area. The analysis of measured concentrations 
behaviour and different model test simulations suggested the persistence of very unfavourable dispersion 
conditions during daytime and set in evidence the influence of flow convergence occurring over the central part of 
the city during the afternoon, when maximum NO2 and PM10 concentrations were recorded. The possible 
contribution of “urbanisation” of meteorological models to improve model simulations has been preliminarily 
evaluated. 
 
Key words: urban dispersion, urban meteorology, air quality forecasting 
 
 
1. INTRODUCTION  
 
An urban air quality forecasting system for Torino has been developed, within the EU funded 5thFP project 
FUMAPEX, to support the prevention and management of air pollution episodes affecting the urban area. Torino 
is located at the western edge of the Po Valley, and it is one of the largest urbanised areas in Northern Italy. The 
city lies mainly on flat topography but it is constrained by the Western Alps and a range of hills on its eastern side. 
Local circulation is dominated by the superposition of mesoscale and local flow features. The urbanised area is 
exposed to severe air pollution episodes during both winter and summer, when EU air quality standards for NO2, 
PM10 (winter) and O3 (summer) concentrations are often exceeded. 
An effective and reliable urban air quality forecasting system should be able to describe meteorological and 
dispersion conditions giving rise to severe air pollution episodes. Unfortunately those conditions are generally not 
satisfactorily described by computational methods and parameterisations implemented in atmospheric flow and 
dispersion models. Critical meteorological conditions like calm wind, stable stratification, fog, complex local 
circulation are generally superposed to urban scale effects, e.g. increased surface drag, surface heat storage and 
modification of the boundary layer depth. 
To verify the forecasting modelling system capabilities, and to individuate the improvements needed to enhance 
its performances during critical conditions, a winter air pollution episode showing peculiar behaviour of observed 
ground level concentrations has been investigated. The concentration features analysed are not totally 
uncommon but are often observed during the worst winter air pollution episodes in Torino. The presented analysis 
has been finalised to the comprehension of the episode phenomena and to the individuation of the more influent 
meteorological parameters. Model simulations have been used to support the reconstruction of local flow and 
dispersion conditions. Particular attention has been devoted to the evaluation of the possible contribution of 
urbanised parameterisations to improve the air quality forecast. 
 
2. THE JANUARY 2003 POLLUTION EPISODE   
 
The chosen episode occurred during January 2003 (13-17/01/2003), when exceedances of the NO2 hourly 
average concentration limit of 200 µg/m3 have been recorded in few monitoring stations of the Torino urban area 
network, while very high PM10 concentrations exceeding the daily average concentration limit of 50 µg/m3 have 
been recorded in all the stations located in the Torino area. 
On January 11th North-western Italy has been influenced by a perturbation that caused precipitation and snowfall, 
even at low altitude, over Piemonte. On January 12th the Azores anticyclone broadened over the Western Europe 
and reached Piemonte region, establishing fair weather conditions lasting for the two following days. The 
anticyclone reinforced on January 14th over Northern Italy, maintaining fair weather conditions and causing a 
general increase of temperature. The described meteorological features, associated to low winds and moist soil 
conditions (due to the previous days precipitations) resulted in the formation of fog during the coldest hours. Since 
the afternoon of January 15th, the anticyclonic area weakened and a low pressure area moved towards Northern 
Italy. The advected cold air decreased temperature over the Alps and the Po valley at high altitude while no 
significant variations occurred in the lowlands. The breaking of high pressure and stagnation conditions caused 
reduction of observed pollutant concentrations starting from January 16th. The temperature profiles measured at 
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Milano Linate showed strong ground based inversion during the nights, which resulted in formation of fogs, while 
the daily growth of the boundary layer was limited by the very stable conditions affecting the lower atmospheric 
layers (the temperature profile was nearly isothermal in the first 2000 metres from January 13th to 15th). 
 
3. THE TORINO AIR QUALITY FORECASTING SYSTEM   
 
The urban air quality forecasting system built in Torino is based on four main components: the emissions pre-
processing system EMMA, the prognostic non-hydrostatic meteorological model RAMS (Cotton et al., 2003), the 
interface module GAP/SurfPRO (Calori et al., 2006; Finardi et al., 2006) for the estimation of atmospheric 
turbulence and dispersion parameters and the Eulerian chemical transport model FARM (Calori and Silibello, 
2004). These models are connected to emission inventories, geographic and physiographic data, and larger scale 
meteorological forecast. 
The forecasting modelling system configuration is based on three nested domains, to describe atmospheric 
motions, sources influence and air pollution processes at all the different scales potentially affecting the target 
urban area: a “background” domain (1088x1088 km2 with 16 km horizontal resolution) devoted to optimise the 
connection with the larger scale driving meteorological model and to describe long range influence of pollutant 
sources located outside the target domains, a regional domain, including the whole Piemonte Region (208x272 
km2 with 4 km resolution) and a metropolitan domain, focused on Torino city (52x52 km2 with 1 km resolution). 
This multi-scale modelling approach should allow to describe air pollution processes dominated by scales larger 
than the city scale, like photochemical smog. Moreover, due to the peculiar geographic location of Torino city, at 
the western limit of the Po river valley, clustered between the Alps and a hilly region, a proper meteorological 
downscaling is important to obtain a reliable description of local scale meteorology. Boundary and initial values for 
the meteorological model RAMS have been built from ECMWF forecasts. The air quality model boundary 
conditions have been obtained by EMEP simulation fields, while initial concentration fields have been built by 
objective analysis of EMEP background fields and local observations. The emissions for the three nested 
domains are prepared from different inventories: the high-resolution Piemonte and Lombardia Regions 
inventories, the Italian national inventory and the European scale EMEP inventory. Hourly emission rates of the 
desired species are then estimated through the use of a pre-processing system allowing a flexible space 
disaggregation, time modulation and non-methanic hydrocarbon speciation of inventory data related to point, line 
and area sources. The atmospheric turbulence and dispersion parameters are evaluated starting from average 
meteorological fields and high resolution land cover data. Within FUMAPEX project, the forecasting system has 
been urbanised introducing in the interface module the objective hysteresis model (Grimmond and Oke, 1999) to 
enhance the description of the urban surface energy budget and mixing height computational schemes capable to 
take into account inhomogeneities and advection effects (Gryning and Batchvarova, 1996; Zilitinkevich and 
Baklanov, 2002). 
A diagnostic modeling system implementing the same emission inventory, emission processor, model interface 
and air quality model is presently employed by ARPA and Regione Piemonte to perform yearly air quality 
analysis, as requested by EU air quality framework and daughters directives.  
 
4. INFLUENCE OF LOCAL CIRCULATION AND BOUNDARY LAYER TURBULENCE ON URBAN AIR 
POLLUTANT CONCENTRATIONS 
 
NO2 concentrations measured inside Torino city core show the persistence of high values during daytime, with 
peak concentrations reached around 14:00 lst and high values lasting until night-time. NO concentrations allow to 
better notice different behaviour among stations located in the northern and southern part of the city.  At the 
northern stations NO shows on January 14th a behaviour similar to that observed for NO2 and concentrations of 
the same order or larger then those measured on January 15th. In the southern part of the city both NO and NO2 
concentrations grow in their maxima from January 14th  to 15th, and NO shows the typical two peaks shape with 
maximum concentrations reached during late morning and late afternoon. During the episode hourly PM10 
concentrations showed a time variation very similar to the one observed for NO2. 
The observed concentrations behaviour can not be simply interpreted from the emissions time variation. 
Maximum emission rates are located at 8:00 lst and between 18:00 and 19:00, while minimum daytime emissions 
are described at 14:00, with a reduction around 30% with respect to maximum hourly rates.  Even if the modelled 
emissions are based on emission inventory and contain large uncertainties, there is no reason to argue emissions 
growing during the afternoon and even exceptional events like long lasting traffic jams cannot have a space 
extension sufficient to justify a behaviour observed over a large portion of the city. 
The episode has been further investigated by means of test simulations performed with the Torino air quality 
forecasting system. The base-case simulation has been performed with the modelling system in its standard 
configuration. Different tests have been then made modifying the atmospheric turbulence parameterisations to 
verify their influence on computed concentrations. The base-case simulation shows, for both NO2 and NO, a time 
variation characterised by two peaks during morning and evening maximum emission periods, when dispersion 
conditions are unfavourable (Figure 1). An underestimation of concentrations during daytime is clearly detected 
for both pollutants during day 14 and 15, while the overall growing trend of NO2 concentrations during the 
simulated episode is correctly described by model simulation. Evaluating results we have to keep into account 
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that the first half day of simulation (day 13) has to be discarded, because a previous sensitivity analysis identified 
a spin-up period of about 12 hours during which the different species concentrations are out of equilibrium and 
computed concentrations strongly depend on initial conditions. 
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Figure 1 NO2 (left) and NO (right) concentrations measured at the Torino-Consolata station (diamonds) compared 

with results of the base-case simulation (dotted line) and of test simulation (solid line) with “reduced vertical 
diffusivity”. 

 
The general behaviour of modelled concentrations is what can be expected supposing nearly constant advection 
conditions and considering the effect of the daytime growth of the atmospheric boundary layer and of the 
increasing turbulence intensity and dispersion capacity of the atmosphere, that reduces near ground level  
concentrations if emissions remain nearly constant in time. During January solar radiation is significantly different 
form zero from 10:00 to 16:00 l.s.t.. Different test simulations have been therefore performed to investigate the 
influence of possible variation of modelled dispersion conditions. 
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Figure 2 Wind distribution and NO2 concentrations (µg/m3) observed on the Torino monitoring network during 

January 14th, 2003, at 10:00 (top left), 13:00 (top right), 15:00 (bottom left) and 18:00 (bottom right) l.s.t. 
 
The most significant results have been obtained forcing a reduction of pollutant dispersion by imposing a 
maximum value of 150 metres to the boundary layer depth and setting eddy diffusivity to the constant value of 
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0.2. In the base-case the boundary layer depth grew until 350 metres while eddy diffusivity reached values of the 
order of 10. The test simulation results, shown in Figure 1, clearly improve results for both NO and NO2 during 
daytime, especially on January 15th, confirming the possible overestimation of eddy diffusivities and boundary 
layer depth for the base case simulation. The large daytime peak observed on January 14th remained anyway 
largely overestimated and not explained. To understand its nature the simultaneous variation of winds and 
concentrations over Torino urban area (Figure 2) has been analysed. It has been observed that early in the 
morning the wind was blowing from south-east over the southern part of the city and from south-west over the 
northern part of the city (not shown). From 10:00 the wind direction turned from north-northeast over the northern 
part of the city, while south-easterly winds persist over the southern part of Torino. Convergence conditions 
developed and persisted over the central and northern part of the city. These convergence conditions were 
associated with concentrations growth over the city and the northern suburbs. High values persisted until the late 
afternoon (18:00) when north-easterly flow developed over the whole city. The observed wind pattern can add to 
convergence effects the recirculation, over the northern urban area, of the city plume advected in north-east 
direction during the night and early morning. 
Following the proposed analysis, the main lack of the air quality forecasting system simulations for January 14th 
can be considered the imprecise reconstruction of the structure of circulation and its time variations at urban 
scale. Comparing computed wind speed and directions with observations at the urban rooftop station of CSELT, 
located in the northern part of the city, it can be observed that wind speed variations are satisfactorily reproduced, 
while wind direction shows persistent south-westerly flow, while rotations from north-east are observed during the 
central part of the day. It is noticeable that the wind rotation time period is longer on June 14th than on June 15th.  
 
5. CONCLUSIONS 
 
The severe air quality winter episode analysed showed to be mainly influenced by the very limited dispersion 
capacity of the atmosphere during winter high pressure conditions characterised by strong stability in the lower 
layers of the atmosphere. This feature is sometimes worsened by the simultaneous occurrence of flow 
convergence and possible pollutants recirculations over the city. The observed local scale flow is probably 
generated by the complex superposition of circulation of topographic origin with urban effects, like heat island 
circulation. Difficulties have been encountered in the simulation of local flow details: the daily wind rotation 
observed over the northern part of the city was not described by RAMS, possibly due to limited space resolution, 
to the insufficient description of urban meteorology and to the difficulty of properly describe energy fluxes during 
foggy conditions. The very limited dispersion conditions inferred by observed concentrations do not have a clear 
explanation due to lack of turbulence measurements. Possible reason of eddy diffusivity overestimation can be 
the overestimation of wind speed within urban canopy and the overestimation of sensible heat flux in foggy 
conditions. 
To improve the forecasting modelling system during extreme conditions seems necessary to enhance the 
meteorological model capability to describe local flow and to introduce corrections to better describe the urban 
wind profile. A better description of surface energy balance could improve model performance during the evening 
and the night, but is not expected to strongly change model performances during daytime. Model tests to verify 
the influence of simple urban parameterisations implemented within the model interface Surfpro are being carried 
out. 
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METHODOLOGICAL CONCERNS SURROUNDING THE CLASSIFICATION OF 
URBAN AND RURAL CLIMATE STATIONS TO DEFINE 

 URBAN HEAT ISLAND MAGNITUDE 
Iain Stewart1 and Tim Oke 

University of British Columbia, Vancouver, Canada 
 
Abstract 
 
Canopy-layer urban heat islands (UHI) have been observed in cities of nearly every description across the 
inhabited world.  UHI magnitude is conventionally defined by an instantaneous city-countryside air temperature 
difference at screen level.  Neighbouring pairs of urban and rural meteorological stations are ordinarily used for 
this purpose.  However, the designation of stations as ‘urban’ or ‘rural’ is not intuitively clear; this uncertainty has 
led to inconsistencies in UHI experimental design, to ambiguities in UHI definition, and to confusion surrounding 
intercity comparisons and general heat island relations.  Finding recourse in constructs of philosophy of science 
and urbanization theory, it is argued here that the (mis)classification of urban and rural stations in UHI studies 
generates a multitude of experimental flaws that undermine the validity of this approach.  These arguments 
highlight the need for an objective, multidimensional, and universally applicable landscape classification scheme 
for defining and measuring UHI magnitude. 
 
Key words: urban heat island, experimental method, landscape classification 
 
 
1. INTRODUCTION  
 
Since early in the nineteenth century, urban climate investigators have observed and described with detail the 
variability of urban-induced thermal effects (urban heat island,2 UHI) in cities worldwide.  The vast literature of 
observational UHI studies is impressive in its geographic purview and constitutes a significant and enduring 
contribution to our understanding of urban climates.  But with such a broad range of studies, each against a 
unique backdrop of city, climate, topography, and culture, come inherent methodological and philosophical 
concerns.  A cursory review of the literature exposes widespread inconsistencies in the categorization of climate 
stations as either ‘urban’ or ‘rural’ for defining UHI magnitude.  The apparent simplicity of this categorization is 
obscuring the complex array of surfaces and near-surface climates that actually define UHI magnitude; 
investigators are quick to draw cross-study comparisons of UHI magnitudes with little awareness of the different 
surface temperature regimes that inter-city urban-rural station pairs represent.  The heuristic value of the urban-
rural dichotomy as a basis for landscape classification in UHI observation must therefore be brought into question.   
 
2. DEFINING THE URBAN HEAT ISLAND 
 
The UHI effect is traditionally referenced by air temperatures at screen-level in the urban canopy layer (Oke, 
1976).  Fixed climate stations are favoured for collecting temperature data of high temporal resolution.  A 
conventional installation consists of a centrally located ‘urban’ station paired with an outlying ‘rural’ station.  This 
sampling configuration has been a pillar of UHI field methodology since Luke Howard’s (1833) observations of the 
London heat island nearly two hundred years ago.  UHI magnitude is customarily defined as the synchronous 
screen-level air temperature difference between a pair of in situ urban and rural stations, and is denoted as ∆Tu-r .  
 
Whilst the body of empirical UHI studies may be unified in its aim of describing the spatial and temporal 
tendencies of UHI behaviour, it is considerably less unified in its means of serving that aim.  Despite the deep 
historical roots of UHI observation, the very landscapes (i.e., urban and rural) that give meaning and method to 
the UHI effect have not been defined in clear, objective, or universally understood terms.  This epistemological 
weakness in methodology invites compelling arguments for a re-interpretation of the UHI effect and a re-definition 
of UHI magnitude.  
 
3. RE-DEFINING THE URBAN HEAT ISLAND 

With recourse to constructs of philosophy of science and urbanization theory, the arguments (many of which are 
overlapping) that we posit in Table 1 are meant to (1) elicit experimental flaws generated by ∆Tu-r , (2) dislodge 

                                                 
1 Corresponding author:  Department of Geography, University of British Columbia, 1984 West Mall, Vancouver, 

British Columbia, Canada, V6T 1Z4.  Email:  stewarti@interchange.ubc.ca 
2 We have not been able to identify the origin of the phrase ‘urban heat island’.  Landsberg (1981, p.83) credits 

Manley (1958) with first usage, but this is not correct because it appears in Balchin and Pye (1947) and probably 
predates that.  We would appreciate additional insight from our colleagues on the origin of UHI.  
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∆Tu-r as a trusted measure of UHI magnitude, and (2) underpin a re-defined index of UHI magnitude through more 
defensible and operable constituent terms.  
   

Table 1:  Philosophical and theoretical arguments against ∆Tu-r . 

Philosophy of Science Urbanization Theory 

 
• ∆Tu-r is neither unequivocal nor objective 

as a testing operation of UHI magnitude; it 
is therefore susceptible to variable 
interpretation by individuals, groups, and 
cultures. 

 
• The urban-rural dichotomy is an outdated 

and overly simplistic construct for peri-
urban landscape classification in many 
regions of the world (particularly less 
developed regions).  

• ∆Tu-r leads to stipulative definitions of its 
antecedent terms and by this nature gives 
investigators undue freedom to manipulate 
station configurations.  

• The urban-rural dichotomy is deeply 
embedded in traditional city-based 
urbanism and is not easily transferable to 
parts of the world where region-based 
urbanism prevails. 

• The classification of stations as ‘urban’ and 
‘rural’ allows investigators to design UHI 
experiments that protect the central thesis 
that Tu > Tr .  UHI experiments are ad hoc 
by this account. 

 

• The terms urban and rural have become 
diluted concepts due to evolving and 
inconsistent jurisdictional definitions and 
usage.  

• ∆Tu-r gives way to fallacious descriptions of 
its constituent terms on the faulty 
assumption that they are antecedently and 
universally understood. 

• ∆Tu-r is not adaptable to complex cities of
polynucleated, dispersed, or decentralized 
forms. 

 
3.1 Philosophical attacks on ∆Tu-r  
 
The first, and perhaps most damaging, attack on  ∆Tu-r is that the selection of so-called urban and rural stations 
violates one of science’s most fundamental tenets, that of objectivity.  The notion of what characterizes urban or 
rural landscapes is inextricably bound by human perception, and thus the designation of ‘urban’ and ‘rural’ 
stations is potentially swayed by prejudices that are time and space dependent and that vary with individuals, 
groups, and cultures.  As a testing operation of UHI magnitude, ∆Tu-r fails in providing an unequivocal and 
objective measure of the UHI effect because it is subject to variable interpretation.  While the choice of urban and 
rural sites is constrained by the location of in situ station networks (which are historically associated with airports, 
universities, experimental farms, etc.), by instrument security, and by the resources available to the investigators, 
it is also influenced, arguably, by preconceptions of urban and rural landscapes that are culturally, geographically, 
and historically determined; the terms urban and rural evoke different images for different people.  The subjectivity 
inherent in these terms has led to a confusing representation of landscapes in UHI literature.  
 
Compounding the first argument is a second attack on ∆Tu-r that it leads to stipulative definitions, or testing 
implications, of its constituent terms and by this nature gives investigators unwarranted freedom to manipulate 
station configurations.  Stipulative definitions are advantageous in science for attaching special meaning to 
concepts (such as ‘UHI magnitude’) for the purpose of experimentation or theoretical argument (Hempel, 1966).  
The disadvantage, however, is that they can not be qualified as true or false, unlike descriptive definitions that 
convey universally accepted meanings.  The testing of freely proposed concepts exposes sampling design to 
risks of bias insofar as it changes with the peculiarities of a region, city, or investigator.  The definiendum, or UHI 
magnitude, in this case has been defined variously in the literature through multiple and inconsistent 
interpretations of its definiens, or ∆Tu-r .  The variety of station sites (eg., airports, agricultural plots, meteorological 
institutes, residential backyards, observatories, building rooftops) characterizing the antecedent terms of ∆Tu-r in 
UHI literature evinces a disorderly, “anything goes” approach to scientific testing (Chalmers, 1990).  Indeed, ∆Tu-r 

is sufficiently vague and subjective in its meaning that “clean results, sharp inferences, and rapid retesting”—
necessary steps for accelerating scientific progress (Platt, 1964)—are impossible to carry out.  
 
Thirdly, the classification of stations as ‘urban’ or ‘rural’ enables investigators to design UHI experiments that 
ensure desired outcomes are met.  Ad hoc, or purpose-built, experiments are those designed to protect the 
central thesis that Tu > Tr .  The temptation for ad hoc testing is borne in the broad and inclusive nature of the 
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terms urban and rural.  Investigators are able to ‘fudge’ the selection and configuration of climate stations on the 
basis of known temperature differences at those sites prior to empirical testing; locations such as airports and 
outlying observatories can be classified ambiguously as either urban or rural—regardless of the surrounding 
fetch—to guard the Tu > Tr expectation.  Selecting data for the purpose of confirming an (ostensibly) known heat 
island bias in air temperatures is an objectionable approach to empirical UHI estimation. 
 
Finally, the obscurity of ∆Tu-r seduces UHI investigators to commit fallacies of definition.  Descriptions of urban 
and rural stations in UHI studies often resign to circular, or tautological, expressions of the stations’ physical 
surroundings.  Throughout the literature are clumsy definitions calling on redundant use of synonyms:  “rural 
stations are those located in the bucolic surroundings of the countryside,” or “urban stations are representative of 
the built-up environment of the city,” for example.  Neither of these definitions has merit:  they are fallacious for 
the unfounded assumption of prior, or at least intuitive, understanding of what characterizes ‘urban’ or ‘rural’ 
landscapes.  The reader is not enlightened, even slightly, to the micro- and local-scale climatic surface conditions 
within a station’s fetch area that are known to influence canopy-layer air temperatures (Oke, 2004).  In Philosophy 
of Natural Science, Hempel (1966) insists that regardless of how intuitively clear or familiar a term may be, it must 
invoke an “operational procedure…that can be unequivocally carried out by any competent observer, and that the 
result can be objectively ascertained.”  It is doubtful that ∆Tu-r meets these criteria as an “operational procedure” 
behind the testing of UHI magnitude.  
 
3.2 Urbanization theory and ∆Tu-r  
 
In addition to the philosophical strictures above, this paper posits a number of arguments from urbanization theory 
(Table 1) that further weaken ∆Tu-r as a universal testing operation of UHI magnitude.  The most persuasive of 
these arguments suggests that in view of today’s rapidly evolving urban systems, the overly simplistic urban-rural 
dichotomy is an outmoded construct for landscape classification (particularly in the developing world).  Urban 
theorists have observed for decades that in many regions of the Global South, the space economy between major 
cities and their countrysides is no longer differentiated by a clear urban-rural divide (Ginsburg, Koppel, and 
McGee, 1991; Chu-Sheng Lin, 1994; Gugler, 1996).  Ginsburg et al. hypothesize that urbanization in densely 
populated rice-bowl regions of Southeast Asia, for example, creates distinctive settlement patterns called 
desakota (Indonesian for village-city) regions.  Accommodating intensive mixtures of agricultural and non-
agricultural activity, and extending along transportation corridors for tens, sometimes hundreds, of kilometres into 
the countryside, desakota regions now surround nearly every major city in the Asia Pacific.  Although peculiar to 
wet-rice agricultural areas of Asia, desakotas exist more generally as “Extended Metropolitan Regions” in other 
parts of the world where peri-urban environments coincide with concentrated mixtures of urban and rural land 
use.  However, it is Asia, in particular, where the difference between city and countryside is better described as a 
continuum than a divide.  
 
This characterization, in part, distinguishes urbanization in core from peripheral regions of the world.  Chu-Sheng 
Lin (1994) and Gilbert (1996) contrast region-based and city-based urbanism.  In developing Asian and Latin 
American countries, where region-based urbanism has dramatically reshaped the peri-urban landscape, city 
sprawl and its densely populated peasant periphery have become so fundamentally integrated that the urban-
rural separation has collapsed altogether—a phenomenon attributed to economic decentralization, rural 
industrialization, massive rural-urban migration, and to advances in transportation technology.  In more developed 
countries, the divide between compact urban areas and sparsely populated peripheries is comparatively clear and 
abrupt, and thus easily captured by ∆Tu-r . Urbanization of this type is described more conventionally as ‘city-
based’. 
 
Gugler (1996) highlights China for its evolving patterns of urbanization and for inconsistent criteria defining urban 
and rural territory.  The terms urban and rural have become diluted concepts in China because cities typically 
overspill their administrative boundaries into surrounding villages and counties.  Peripheral settlements defined as 
‘rural’ in jurisdiction might therefore conflict with physical forms more indicative of an urban environment.  
Regional discrepancies in landscape classification undoubtedly confuse our perceptions, as UHI investigators, of 
representative urban or rural sites.  Establishing scientific standards for landscape classification only by means of 
a simple, dichotomous construct is indeed complicated by the inherent political and social character of cities and 
their countrysides.   
 
Finally, there is extensive literature pointing to increasingly complex and dispersed metropolitan forms, not only in 
Asia but across the developed and developing worlds.  Poly-nucleated, decentralized, and dispersed cities have 
become definitive features of global urbanization:  new developments such as science parks, leisure parks, edge 
cities, and airport cities are consuming peri-urban landscapes, while satellite towns, urbanized transportation 
corridors, and industrial complexes are transforming rural hinterlands (Lo and Yeung, 1998).  Although models of 
settlement transition (such as the desakota regions of Asia) that describe these urban forms may seem of limited 
use to urban climatologists insofar as they characterize the function—and not physical cover—of the land, an 
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understanding of their patterns and processes is, nevertheless, essential for an integrated solution to a mutually 
problematic landscape dichotomy.  
 
4. CONCLUSION 
 
Aligning constructs of urban climatology with those of philosophy of science and urbanization theory reveals the 
inherent problem of superimposing a timeless and simplistic measure (∆Tu-r) on a complex and rapidly evolving 
phenomenon (the city).  From the earliest climate observations of localized European cities to modern-day studies 
of megaurban regions, field methodology (with ∆Tu-r as its operational test) behind UHI investigation has changed 
little yet the field sites themselves have changed profoundly.  UHI researchers must now rethink not only the scale 
to which urban effects have spread, but, more fundamentally, the methods by which they define and classify 
those effects.  Just as urban theorists have argued for decades that the urban-rural dichotomy has lost its 
heuristic value as a policy paradigm in many parts of the world, there are now parallel grounds for urban 
climatologists to uproot this same dichotomy as an operational testing procedure of urban impact on climate. 
 
The corpus of empirical UHI literature is continually expanding, and the call for a unified, comparative view of its 
findings is becoming difficult to ignore.  It is only through a critical investigation into the experimental methods of 
observational UHI studies that our source of knowledge behind this phenomenon can be fully appraised. This 
paper provides the philosophical underpinnings for a new landscape classification scheme as a basis for canopy-
layer climate observations over surfaces of particular character (such as those in cities and countrysides).  The 
new scheme must abandon the subjective and overly simplistic assessment of landscapes as ‘urban’ or ‘rural’, 
and instead embody objective and climatologically significant measures of surface climate impact (eg., Oke, 
2004).  Embedded in such a scheme will be a multidimensional UHI testing implication better suited to the 
continuum of new and dynamic landscapes taking shape in city regions across the world.  Only then can UHI 
magnitude be defined for any city and with reference to standardized surface types.  It is hoped that the new 
landscape classification will eclipse the obstructive and distracting fixation with ‘urban’ and ‘rural’ station 
designations in UHI literature, and in doing so curtail unsubstantiated inter-city comparisons of UHI magnitude.  
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ISLAND ESTIMATION 

Mariusz Szymanowski, Maciej Kryza 
Institute of Geography and Regional Development, University of Wroclaw, Poland 

 
 
Abstract 
 
This paper addresses the issue of usefulness of selected spatialisation techniques in UHI modelling. Six methods, 
both deterministic and stochastic (or their combination), i.e. inverse distance weighting, splining, ordinary kriging, 
ordinary cokriging, multiple regression and residual kriging were compared and validated to estimate the 
temperature field in Wroclaw, Poland, during one case of strong UHI development. The first four methods (as 
listed above) were found non-adequate in the locations, outside the convex hull, where extrapolation, and not 
interpolation, is done. From statistical (cross-validation, distribution of residuals) and visual point of view, basing 
on the overall knowledge of UHI phenomenon, best results are expected while using environmental regression 
(with roughness length, artificial heat emission and NDVI spatial distribution as descriptors) or its combination with 
geostatistical method - residual kriging. 
 
Key words: Urban Heat Island, spatial interpolation, GIS 
 
 
1. INTRODUCTION  
 
The urban heat island, one of the most common though inadvertent climatic changes caused by urbanisation, is 
now widely recognised. Gradually, we also enhance our knowledge of its genesis and consequences, especially 
for people living in cities. One of the most important problems for town planning is proper evaluation of the 
intensity of the UHI and its spatial structure in different time and weather conditions. Town planners very often call 
for tools that would be helpful in the recognition of real temperature field or simulation of possible thermal 
changes under the influence of planned modifications of an urban area. In addition, temperature determines many 
physical processes and its spatial structure is essential for various modelling processes. General mechanisms of 
UHI forming are known, but different physical characteristics and the impact of macroclimatic features can make 
differences in particular cities. As a result, town planners use physical or statistical modelling techniques. In the 
second case they are forced to rely on existing meteorological data gathered using the stationary monitoring 
system (a net of meteorological stations or even temperature microloggers) or mobile measurement techniques 
which are very popular in urban climatology. The basic question is how to estimate meteorological variables at 
unsampled location. The number of stations in the monitoring system, omitting location problems, is very often 
limited, so the proper application of various interpolation techniques is difficult. Using mobile measurements, we 
are able to gather many more data and even if we are restricted by the possibilities of measurements recurrence 
and forced to implement some data time standardisation, we are still able to apply some geospatial techniques to 
get expected information. The latter has become easily available along with increasing hardware and software 
capability on one hand and the development of GIS techniques on second hand. However, using different GIS 
methods one should still keep possible errors in mind. Errors that begin with data collection and continue through 
input, storage, manipulation, output and interpretation of the results. 
 
In this approach we would like to examine the usefulness of selected interpolation techniques, both deterministic 
and stochastic (or their combination), to estimate the temperature field in Wroclaw, Poland during one case of 
strong UHI development. 
 
2. AREA OF INVESTIGATION   
 
Wroclaw is located in SW Poland (51°N, 17°E) at about  120 m a.s.l. The altitude varies in the city area from 105 
to 148 m a.s.l. The city’s population is about 640.000. Its inhabitants live within an area of 293 km2. The 
settlement is situated along the Odra River. 31,4% of the whole area is built-up and consists of housing estates, 
industry and warehousing, areas of service and administrative functions. Several various built-up types are 
present, including a densely built–up centre with old 5-storey buildings, housing estates of tall (up to 11 storeys) 
concrete buildings, and residential areas in the outskirts. The rest of the city consists of urban greenspace 
(36,6%), agriculture areas (28,9%) and water (3,1%); however, there are no large water reservoirs nearby (Fig.1). 
Such environmental conditions make Wroclaw a convenient urban location to study a relatively undisturbed urban 
climate and to verify urban climate models. 
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Fig. 1. Simplified land-use map of Wroclaw, Poland 
 
 
3. DATA AND METHODS 
 
3.1. Meteorological data 
 
Measurements in the case study were done during the night (22/23 May 2002) characterised by meteorological 
conditions favourable for strong UHI forming with weak winds (0-2 m s-1) and cloudless skies. Temperature data 
were gathered using mobile measurements (car traverses) and automatic weather stations located in different 
land-use types (suburban, open space area; residential area; housing estate, consisting of tall, detached concrete 
buildings; densely built-up area of the city centre). Mobile measurements, using automatic meteorological units 
mounted on 2 cars, began about 10 p.m. and lasted for about 4 hours. Each car had a unique, 90-km route and 
moved with an average speed of 30 km h-1. Temperature readings were obtained using a radiation-shielded, 
aspirated resistance sensors (Pt-100) connected to a data logger. The temperature was measured every 
5 seconds at 2 m above ground level to avoid engine and exhaust heat. The data obtained during the stops that 
were imposed, e.g. at traffic lights, were rejected. Data standardisation (time adjustment) was applied, based on 
cooling rates from 4 automatic weather stations located in different land-use, as mentioned above. The data set 
was corrected with reference to the midnight (12 p.m.), when the UHI intensity reached about 8 K. Finally, 
temperature values from the correctly assigned 206 points were taken as the input to spatialisation process. 
 
3.2. Spatialisation techniques 
 
Having a set of meteorological data, we are confronted with a variety of stochastic and deterministic interpolation 
methods to estimate temperature at unsampled locations. The right choice of spatial interpolator for a UHI case is 
particularly important because of heterogenic nature of urban areas where temperature may change over very 
short spatial scale. In this study, six spatialisation methods, different in their assumptions, local and global 
perspective, and deterministic or stochastic nature, were compared. The cross-validation method, as the universal 
one, was incorporated to estimate the precision of each technique. The root mean square error (RMSE), extreme 
(MAX and MIN) errors and distribution of residuals were used as the basic statistical measures (Fig. 2, Tab. 1). 
This was complemented by visual, based on overall knowledge of UHI phenomenon, analysis of achieved spatial 
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patterns of temperature distribution (Fig. 2). Statistical, spatialisation and visualisation procedures were done 
using R and gstat packages, Statistica software and GIS/GRASS system. 
 
The following spatial interpolators were taken into account: 
a) Inverse distance weighting (IDW) which is based on assumption that values closer to the unsampled location 

are more representative than samples further away. The power parameter in this case was equal to 2. 
b) Regularised spline with tension (RST) which is a deterministic technique to represent two-dimensional  

curves on three-dimensional surfaces. 
c) Ordinary kriging (OK), a geostatistical method that uses a linear combination of weights fitted during 

semivariogram modeling procedure. Semivariogram is a measure of spatial correlation between two points, 
so the weights change according to the spatial arrangement of the samples. In this case, spherical model of 
semivariogram, together with the nugget effect, was incorporated. 

d) Ordinary cokriging (OCK), similar to OK, except it uses additional covariates, highly correlated to 
temperature. In this case, the same three covariates as in MLR method (described below), i.e. roughness 
length, artificial heat emission and NDVI were used. 

e) Multiple regression method (MLR). Regressors were chosen using stepwise regression from the set of 
potential descriptors (roughness length, thermal admittance, percentage of natural and artificial surfaces, 
artificial heat flux and NDVI) filtered spatially (low-pass filter) to find optimal scale of influence of each 
parameter (Szymanowski, 2003). The final model formula was described by the  following equation: 

where: 
(  )N  – normalisation to the distribution N(0,1), 
AHE – artificial heat emission averaged within a radius of 800 m from a given raster, 
NDVI – normalised vegetation index averaged within a radius of 1200 m from a given raster, 
ROU – roughness length averaged within a radius of 300 m from a given raster 

f) Residual kriging (RK) which is the combination of deterministic and stochastic methods. In the first step the 
MLR technique, as described above, was introduced and than OK of regression residuals was used to 
complement the first step. 

 
4. RESULTS 
 
The cross-validation procedure demonstrates that the MLR and RK methods are the best for UHI estimation in the 
case of Wroclaw (Tab. 1). Worth stressing is that even though MLR has most favourable statistics in 3 of 6 
categories, it is characterised by the greatest RMSE and great number of outliers exceeding 2 K. Additionally, this 
method overestimates temperature in south-eastern part of the city in comparison to RK. 
 
Tab. 1. Cross-validation results of selected spatialisation techniques in estimation of UHI in Wroclaw  
 

IDW RST OK OCK MLR RK 
MIN 
RMSE 
MAX 
Skewness 
Kurtosis 
No of outliers (> ±±±±2 K) 

-3.04 
0.86 
2.23 
-0.56 
4.10 
10 

-2.85 
0.83 
2.78 
-0.42 
4.76 

6 

-2.84 
0.79 
2.08 
-0.48 
4.25 

5 

-2.70 
0.74 
1.98 
-0.27 
3.64 

1 

-2.15 
0.91 
2.04 
-0.22 
2.79 

8 

-2.45 
0.69 
1.92 
-0.29 
3.76 

2 
 
 
Some of the techniques analysed (IDW, RST, OK) show a strong tendency to generate a "bull's eye" effects in 
unexpected locations. Most of them (IDW, RST, OK, OCK) produce implausible pattern of temperature distribution 
outside a convex hull of sample points, which means that the results are unrealistic in locations where not 
interpolation but extrapolation is to be done. Unexpectedly, also OCK gives poor results in the city outskirts, 
where there are no continuous built-up areas. Inside the convex hull, all methods work more or less correctly, 
excluding the cliff zone of UHI, where errors are the greatest (what was expected). The latter was also most 
visually plausible among the methods, which did not use additional environmental variables (IDW, RST, OK). 
 
To summarise the study case of UHI, probably only the methods that use environmental information in the 
process of spatial interpolation should be taken into account. In Wroclaw, the best results were achieved while 
using MLR method or RK, which in fact is a combination of deterministic and stochastic technique. However, one 
should remember that the choice of optimal interpolator is strongly dependent on spatial characteristics (urban 
and natural) of the city and on a number and distribution of sample locations. 
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Fig. 2. Temperature distribution [°C] and cross-val idation residuals distribution [K] for selected methods of spatial 
interpolation.  Wroclaw, 22/23 May 2002 0.00 CET. 
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HEAT ISLANDS IN SMALL AND MEDIUM-SIZED TOWNS IN HUN GARY 
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Abstract 
 
Small and medium sized towns, located near the city of Debrecen (cca. 220 000 inhabitants) in East Hungary, 
were chosen for the present study. All settlements are situated on a nearly flat terrain, without rivers and lakes, 
which are favorable conditions from the aspect of development of UHI. Mobile techniques were used in order to 
get abundant comparable data for all settlements. On the base of the results, spatial characteristics of UHI in the 
various settlements are described. Characteristic maximal UHI intensities have been determined for typical built-
up types of the different settlements. Critical values of wind speed and cloudiness, which eliminates the 
development of UHI, have been determined as well. 
 
Key words:  UHI, mobile techniques, settlement size, critical wind speeds and cloudiness,  
 
1. INTRODUCTION  
 
UHI is produced by modifications in the energy balance of built areas due to the special thermal behavior of 
building and surface cover materials (Landsberg 1981; Oke 1987). Heat island intensities are determined mainly 
by the size, population and built-up structure (height and density of buildings and green areas) of settlements 
(Oke 1973; Unger et al. 2001; Fernandez et al. 2003). International and Hungarian studies deal with metropolises 
and big cities usually; much less attention is paid to medium-sized and small towns. Consequently, this study has 
been focused on the development of UHI in such settlements in Hungary. Synoptic conditions can help or hinder 
the development of UHI, passage of atmospheric fronts can destroy heat islands or prevent their development 
(Szymanowski, 2003; Piotrowski 2003). For this reason, synoptic conditions, especially frontal activity, cloudiness, 
wind directions and wind speeds were taken into consideration also as determinant factors (Sundborg 1950).  
 
2. STUDY AREA AND METHODS 
 
UHI measurements were carried out in settlements with 200 000, 30 000, 20 000 10 000 and 1 000 inhabitants 
(Table 1) in the Eastern region of Hungary (Figure.1).  

 

In Debrecen the ratio of the artificial surface 
cover is the highest and the average distance of 
the buildings is the shortest in the center, but the 
highest buildings (highest H/W ratio) cannot be 
found there but in the housing estates. For this 
reason housing estates act as subcenters of 
UHI. The structure of the city is rather 
inhomogeneous: houses with big gardens are 
dominant in the eastern quarters, while the 
western sector is ruled by 10-14 storied blocks of 
flats in the housing estates. Another specialty is 
that there are not clear borders between the city 
and its environment: the density of the buildings 
decreases very gradually because spots of 
detached houses alternate with extensive green 
areas along the borders of the city. On the base 
of these special features temperature profiles 
show a bit special form. Other settlements 
involved in the studies have rather regular, 
circular structure, which is typical for the region. 

Figure 1. Location of the study area within Hungary. 
 

Only the smallest one has a regular, but quadrate structure. Structures of the smaller settlements are simpler than 
that of Debrecen. Only Hajdúdorog shows a bit irregular structure with an extensive, low lying wet area near the 
center, what makes its structure rather disadvantageous from the aspect of development of the UHI. The studied 
settlements are built up of peripheral and green areas along their borders, waste areas of 1-2 storied houses with 
gardens and a relatively small center with a ratio of artificial surface cover of about 50-60%. 3-4 storied blocks can 
only be found in the centers of the settlements. 
 
Table 1. Population of the settlements involved in the study. 
 

 Debrecen Hajdúböszörmény Hajdúnánás Hajdúdorog Haj dúvid 
population 217 000 31 993 18 185 9 595 809 
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Mobile techniques were used in order to get abundant comparable data for the several sized settlements. A digital 
thermometer was mounted on a car at a height of 170 cm (Unger et al. 2000). The thermometer had a thermal 
shield to eliminate the radiant heat from the engine of the car. Data were recorded on a logit data logger, the 
sampling interval was 10 seconds. In order to get comparable data for each measurement section the car visited 
each grid once on the way to the end of the rout and twice on the way back. This way we gained two values for 
each grid. Since on the way back we visited the grids in just the reversed order, calculating the averages for the 
grids we gained values for the same time (the reference time). 24 measurements were carried out during a one 
year campaign in 2003-2004. Synoptic conditions, low and high pressure systems, warm and cold fronts using 
synoptic maps were taken into consideration as determinant factors as well.  
Wind speeds were measured at a height of 2 meters using anemometers, while wind directions were determined 
visually at the beginning, the halfway and the end of the rout. Additionally, wind speed and wind direction datasets 
of the agrometeorological observatory of the University of Debrecen were used as well. Meteorological 
parameters of 72 hours before each measurement were taken into account also. Cloudiness was determined 
using datasets of the agrometeorological observatory also, which is located in the vicinity (500 meters) of the rout 
between Debrecen and Hajdúböszörmény. 
Datasets were processed using Excel for Windows; maps were made using Geomedia softwares.  
 
3. RESULTS AND DISCUSSION 

 
Most of the 24 successful measurements were carried out under anticyclonic synoptic conditions, since strong 
frontal activity prevent the development of the heat island. However results show that in some cases 24-48 hours 
after a cold front with 10-15 mm of rain relatively strong heat islands developed in the settlements above 10.000 
inhabitants. The different heat balance of the natural and artificial surfaces manifested more clearly under such 
circumstances. There were sharp drops in the intensity curves at the borders of those surface types. It means that 
a fast moving cold front does not eliminate the development of UHI completely, but its intensity decrease. Slow 
moving warm fronts could eliminate the development of the UHI or could destroy a well developed UHI more 
effectively. During or shortly after the passage of a strong warm front only weak heat islands were detected. 
To trace the impact of cloudiness on the development of the UHI is rather complicated, because with the 
exception of radiative St clouds, they usually appear in windy weather. From the cloud genera detected during the 
measurements St has proved to be most effective in preventing the formation of UHI. A St cover of 90-100% 12-
20 hours before the measurements could completely eliminate the thermal differences between the natural and 
artificial surfaces. Ci type clouds had the weakest impact: they could prevent the formation of the heat island only 
in the smallest settlement involved in the study. In cases when favorable synoptic conditions prevailed within 48-
72 hours before the measurements, but during the measurement cloudiness reached 50% strong UHI could not 
develop in any settlement, while over 75% only weak UHI could form in Debrecen. Over 90% there were no heat 
island found in any settlements involved here. 
Windspeed had a strong impact on the strength of the heat island, while wind directions affected the shape 
merely. It was found that winds of 1-1.5m/s (measured at a height of 2 meters) could prevent the formation of an 
UHI in settlements with 10 000 inhabitants and under. In such cases in settlements with 20 000-30 0000 
inhabitants only medium intensity heat islands could develop, and the intensity curve became asymmetric as the 
heat island was pushed towards the lee side. In the case of stronger 2.5-3 m/s winds, UHI could develop only in 
Debrecen. The intensity in such cases (2-3°C) reach ed only about the half of the characteristic intensity for ideal 
circumstances. The shape was usually drifted strongly lee wards. Over a wind speed 3m/s at a height of 2m heat 
island could not develop in any settlements involved in the study. 
Results emphasize the importance of the synoptic conditions of 2-3 day long periods before measurements. Since 
artificial surfaces accumulate significant amounts of heat from one day to another, the development of a strong 
heat island is a several day long process. For this reason a short unfavorable weather event (e.g. a cold front 
without a heavy rainfall) can not eliminate completely a well developed heat island. On the other hand, after a 2-3 
day long period of disadvantageous synoptic conditions, only medium intensities were found in the studied cases 
within a 24 hour long favorable period.  
Under favorable weather conditions the existence of UHI was proved even in case of the smallest settlement. On 
23rd September 2003 (Figure 6) when skies were clear all day and night and wind speed at 2m height was under 
0.3m/s, an 0.5°C UHI was detected in Hajdúvid (1 00 0 inhabitants). 
 

Table 2 UHI intensities in the heating season, the non heating season, the whole studied period and the 
absolute maximum in the different settlement sizes (values are given in°C). 

 
 Debrecen Hajdúböszörmény Hajdúnánás Hajdúdorog Haj dúvid 

Heating season 1.8  0.5  0.6 0.2 0.1 
Non heating 
season 

3.1  1.5  0.8 0.4 0.2 

Whole year 2.4  0.9  0.7 0.3 0.1 
Absolute max. 4.5 2.1 2.4  0.5 
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Figure 2. Mean maximal UHI intensities in Debrecen  
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Figure 3. Mean maximal UHI intensities in 

Hajdúböszörmény 

Figures 2-6 show the mean maximal UHI intensities in 
settlements involved in the study during the whole studied 
period, in he heating and non heating seasons and in some 
cases (23 06 2004, 23 09 2003), when weather conditions 
were favorable for the development of the UHI. 
Intensity curves of Debrecen, Hajdúböszörmény, 
Hajdúnánás and Hajdúdorog are similar in the three 
periods and in the case of the measurement of 23rd July 
2003 as well (Figures 2-6), only the amplitudes are 
different. Therefore the characteristics of the curves are 
independent from the seasons. There are clear differences 
between the heating and the non heating season in all 
settlements with the exception of Hajdúvid.  
There were stronger heat islands found in the non heating 
season in each settlement during the studied period. Heat 
island intensities were 25-50% higher in that period, than in 
the heating season (Table 2). In Hajdúvid the mean 
maximal UHI intensity is only 0.1°C for the whole s tudied 
period and the heating season, while in the non heating 
season it is slightly higher. 
The maximal UHI intensities in the different settlements are 
most strongly determined by the size of the settlements. 
Beyond these similarities the shape of the intensity curves 
is characteristic for each settlement, what is originated 
from the characteristic spatial distribution of the built up 
types within the settlements. For example the drop of the 
curve near the center of Hajdúdorog is due to a waste 
green area (wetland) close to the center of that town.  
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Figure 4. Mean maximal UHI intensities in Hajdúnánás  Figure 5. Mean maximal UHI intensities in Hajdúdorog  
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Figure 6. Mean maximal UHI intensities in Hajdúvid   
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There are significant differences in the UHI intensities in the same built up types of the different settlements 
(Table 3). Differences of the characteristic intensities between the settlements within the same built up types 
increase from the peripheral areas towards the centers. Intensities in each settlement and each type are in strict 
correlation with the distance of the given built up type area from the geometrical center of the settlement 
(indirectly the size of the settlement). That shows the complex impact of the settlement size and built up structure 
on the development of the UHI. 
The characteristic maximal UHI intensities have been determined for the typical built up types of the different 
settlements. 

 
Table 3. Characteristic UHI intensities of the built up tytes of the different settlement sizes 

 
Built up type  Debrecen Hajdúböszörmény Hajdúnánás Hajdúdorog Hajdúvid 

Peripheral 0.3-0.5°C 0.4-0.5 0.1-0.4°C 0.1°C 0 
Houses with 
gardens 

0.7-1.3°C 0.7-0.8°C 0.4-0.6°C 0.1°C - 

Green areas 1.3°C - - 0.1°C - 
Blocks of flats 2.3-1.7°C - - - - 
High rised blocks 
of flats 

1.3-2.3°C - - - - 

Industrial area 1.3-1.5°C 0.3-0.5°C 0.4 - - 
Center of the 
settlement 

2.5°C 0.9°C 0.7°C 0.2°C 0.1°C 

 
5 Conclusions 
 

• Results have proved the existence of UHI even in case of the smallest settlement under suitable weather 
conditions.  

• Meteorological conditions determine the possibility of the formation of the UHI. Wind speeds and 
directions have a strong impact on the intensity and shape of UHI. There are critical wind speeds for 
each settlement size, where the development of the heat island becomes impossible. 

• Cloudiness during, and 24-72 hours before the measurements have a determinant effect on the intensity 
or the existence of UHI. 

• The non heating season proved to be more advantageous for development of UHI. Heat island 
intensities were 25-50% higher in that period, than in the heating season.  

• Maximal UHI intensities in the different settlements are most strongly determined by the size of the 
settlements. Beyond general similarities the shape of the heat island is characteristic in each settlement, 
what is originated from special built up characteristics of settlements.  

• There are significant differences in UHI intensities in the same built up types of the different settlements. 
Intensities in each settlement and each type are in strict correlation with the distance of the given built up 
type area from the geometrical center of the settlement (indirectly the size of the settlement).  

• Characteristic maximal UHI intensities have been determined for typical built up types of the different 
settlements. 
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DOES AN “IDEAL” URBAN CLIMATE EXIST? 
Karsten Brandt 

Donnerwetter.de GmbH, Bonn, Germany 
 
 
Abstract 
 
A scientific discussion of a “tolerable” or “ideal” urban climate is missing. Our aim with this paper is to give hints of 
an "ideal" or "tolerable" urban climate. 
We think that a technical definition of an "ideal" or "tolerable" urban climate is not adequate. Only the inhabitants 
of the urban heat island can define which microclimate they really prefer. To proof the preferences of the 
inhabitants of cities we initiated a huge representative internet survey accomplished by the internet weather 
service donnerwetter.de in Germany. The survey shows that the "ideal" urban climate is not the uninfluenced 
climate outside the suburbs. 
 
Key words:  climate, urban, ideal 
 
 
1. INTRODUCTION 
 
The United Nations estimate that in 2025 more than 70% of the world population will live in conurbations. Micro-
scale changes of meteorological parameters in cities are known for more than 100 years. The meteorological 
effects of the local urbanisation are published for almost every major city in the industrialised countries 
(WIENERT 2002). The main consequence of the urbanisation is the urban heat island phenomenon (OKE 1991). 
Much scientific work has been spent on the problem of reducing the urban heat island and the negative impact of 
the special “human-bioclimate conditions” in cities (KUTTLER 2004). 
 
Due to this it is surprising that a scientific discussion of a “tolerable” or “ideal” urban climate is missing. Only 
MAYER (1989) offered a definition of a potential “ideal” urban climate which should offer several types of climates 
in the urbanised region.  
We think that it is important to discuss the objective of urban climate planning. Up to now most scientists in this 
field compare urban climate with the uninfluenced climate in the surrounding (KUTTLER 2004). 
 
Our aim with this paper is to give hints of an “ideal” or “tolerable” urban climate. Is the urban heat island really that 
negative? 
We think that a technical definition of an “ideal” or “tolerable” urban climate is not adequate. Only the inhabitants 
of the urban heat island can actually define which microclimate they really prefer. 
 
2. METHODS   
 
To proof the preferences of the inhabitants of cities we initiated a huge representative internet survey with the 
internet weather service donnerwetter.de GmbH in Germany. A survey with methods of social science could only 
be used to determine the preferences. Due to economical reasons we decided to use the internet for the survey. 
About 8000 persons in 10 different cities in Germany at an age from 15 to 80 participated in the survey and gave 
their opinion on the urban climate. The survey was carried out between December 2004 and March 2005 on the 
regional weather pages of the weather service donnerwetter.de GmbH. The problems of a survey in general 
cannot be discussed here. More information about the survey techniques can be found in BÜRKLIN (1988) and 
HIPPLER (1985). The study is based on the “total design method” of DILLMANN (1978). 
The following figure shows an example of questions of the survey on a screenshot of the web page during the 
survey phase. 
 

 
 

 

Fig.  1: Samples of survey questions 
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3. RESULTS 
 
The first question was to learn something about the knowledge of the urban climate in the population. 
 
(Q1) We asked whether it is warmer or cooler inside the city centre in comparison to the suburbs. 
 
96% of people surveyed stated that the climate in the city is warmer than outside. 
 
(Q2) We asked whether it is more or less humid inside the city centre in comparison to the suburbs. 
 
63% of people questioned said that the weather in the city is dryer than outside. 
 
Almost everybody knew or experienced that the climate in the city is warmer than outside. The second question 
about the humidity in the urban fabric is more difficult to answer. More than sixty percent of people surveyed 
stated that the climate in the city is dryer. 
The next question is very important for urban planning. Politicians and planners normally have a big influence on 
the local climate by defining land use, regulation of building heights, emission etc. 
 
(Q3) Do you want politicians to decide on the urban climate? 
 
97% of people surveyed said that they do not want politicians to decide on the local climate. 
The following questions try to investigate whether a specific feature of the urban climate is preferred or not. 
 
(Q4) Does the fluctuation of the wind speeding the city bother you? 
 
A huge majority of people questioned does not bother the fluctuations of wind speed and wind direction in the 
urban boundary layer. 79% stated that gusty weather in the city centre has no meaning to them. 
 
(Q5) Are higher temperatures in the city an advantage for you? 
 (possible answers: no, yes - if yes, why) 
 
88% of the persons questioned in Germany stated that warmer temperatures in the city centre offer more 
possibilities for outdoor or leisure activities to them. 
 
(Q6) When do you appreciate higher temperatures in the city? 
 (possible answers: in the morning, during the day, in the evening, at night) 
 
Especially the warmer evening temperatures in the cities are attractive for many inhabitants (92%). 
 
(Q7) Are summer heat waves like in 2003 with extraordinary high minima temperatures in the cities a 

problem for you and your family? 
 
The problem of the high minima temperatures during heat waves are of no great interest. 94% of the inhabitants 
surveyed stated that this is not a problem for them. Even the group at the age of 60 to 80 does not think that the 
warmer nights in the city are a problem for them (90%). 
 
(Q8) Is the bad air quality in the city centre a problem for you? What air quality do you prefer? 
 (possible answers: holiday air, air in the outskirts) 
 
The bad air quality in the city centre is a problem for more than 65% of people questioned. They wish clean 
“holiday air”. 
 
4. CONCLUSION 
 
The survey shows that the “ideal” urban climate is, at least for midlatitudes, not the uninfluenced climate outside 
the suburbs as many climatists assume.  The reason for this can be the economical changes in our societies. 
Cities in developed countries are not an industrial production place anymore. Only 25% of the GDP 
(STATISTISCHES BUNDESAMT 2005) of a typical OECD country is earned by producing industrial goods. The 
major part is produced and earned in the service sector. In the major cities (> 250 000 inhabitants) the service 
sector even has a bigger share of the GDP. 
 
Cities in the 21st century in developed countries are service and leisure centres. An important factor of the image 
and the marketing of a city is the quality of the city. Urban climate can be an important factor to leisure purposes 
and to the development of cities in competition to other cities. In middle latitudes with its often changing weather 
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conditions and a long cool season, warmer urban temperatures can be important for the population and the 
visitors. 
 
A surprise for us is that even the summer heat in the city centres, because of higher minima temperatures, are not 
criticised. For more than 90% of elder people in the survey, warmer summer city temperatures are not a problem. 
 
We may have to think about a new “ideal” urban climate in midlatitudes. Higher city temperatures are preferred 
and should be “tolerated” by planners. 
Different studies show that higher temperatures in middle latitudes have positive effects on health. Only during 
heat waves, the urban climate can show negative effects for the elderly. 
The focus on urban planning in midlatitudes should be on the improvement of the air quality without changing the 
urban heat island effect. The majority of the inhabitants want “holiday” air quality which can only be reached with 
a strict reduction of emissions. 
 
In other climates the results may differ and urban planning must have another focus. The urban heat island in 
tropical or subtropical cities may have more negative consequences. Studies especially in other climates must 
follow. 
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ANALYSIS OF THE RADIATION FIELD AT PEDESTRIAN LEVEL USING A 
MESO-SCALE METEOROLOGICAL MODEL INCORPORATING THE URBAN 

CANOPY MODEL 
Yoichi Kawamoto*, Ryozo Ooka** 

*The University of Tokyo, Tokyo, Japan; **IIS, The University of Tokyo, Tokyo, Japan 
 
Abstract 
 
In this study, revised methods to analyze the radiation field of an urban canopy model are proposed. These new 
methods are simplified to avoid an excessive computational load, yet highly accurate compared to the Monte 
Carlo method. The revised urban canopy model is incorporated into the meso-scale meteorological model, and 
the summer temperature and flow fields in the Tokyo metropolitan area are analyzed. In addition, a revised 
method of estimating the Mean Radiant Temperature (MRT) in the urban canopy by assuming the human body as 
a cube is also developed. 
 
Key words: meso-scale model, urban canopy model, heat island phenomenon 
 
 
1. INTRODUCTION 
 
The heat island phenomenon has a truly diverse spatial scale ranging from pedestrian level to within a radius of 100 
kilometers; therefore, forecasts using numerical simulations have to treat this diversity completely. Against this 
background, the authors incorporated an urban canopy model proposed by Kondo et al. (1998) as the boundary 
conditions into a meso-scale meteorological model. This trial was presented by the authors (Harayama et al., 
2003 and Ooka et al., 2004). However, the accuracy of the calculation methods in the canopy model, especially 
for the radiation model within the urban canopy layer, has not been sufficiently validated. Therefore, there remains 
some possibility of calculation errors being included. Similarly, some meso-scale models incorporating the urban 
canopy model have been proposed by Kusaka et al. (2001), Martilli et al. (2002), and others. However, there is 
insufficient validation and concerns about the calculation accuracy of the sub-model, e.g. radiation field 
calculations, as well. 
For these reasons, the authors validate the accuracy of the sub-model compared to the Monte Carlo method (Omori 
et al., 1997) and propose a new and simplified but highly accurate method. For comparison, the results of other 
models are shown here. The main proposals for the calculation methods in this study are; 1) View factors from the 
ground situated in street canyons, and 2) Areas of shade on the ground caused by buildings. In addition, a revised 
method of estimating the Mean Radiant Temperature (MRT), which is an important factor for estimating the thermal 
sensations of the human body, is also proposed. 
 
2. REVISIONS OF SUB-MODEL TO CALCULATE RADIATION FIELDS 
 
In the urban canopy model, urban constructions are treated statistically. Usually, buildings are assumed to be 
uniform, and represented by three parameters; canyon width w [m], building width b [m] and building height h [m]. 
 
2.1 CALCULATION OF VARIOUS VIEW FACTORS FROM GROUND SITUATED IN STREET CANYONS 
 
In the previous model, in terms of calculating sky view factors from the ground, buildings were assumed to be 
two-dimensional with an infinitely long sidewall. This assumption might cause significant numerical error. In this 
study, a revised model for the sky view factor is proposed as follows. 
From the ground, the view factors only for building sidewalls and the sky are considered. Firstly, the view factor for 
the buildings’ sidewall is calculated. View factors from point A and point B are area-weight averaged to calculate the 
normalized view factor Fgw, from the ground for the sidewall (Fig. 1). 

( ) ( )wbwwbFFwF bgwagwgw 2/2 22 ++=  (1) 

View factors from surface 1 (a small surface on the ground) to surface 2 (building sidewall) can be calculated 
analytically using Eq. (2) (Eckert et al., 1959). 
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Here, a is the height of surface 2 [m], b is the width of surface 2 [m], and h is the distance between the center of 
surface 1 and surface 2 [m]. Then, the sky view factor Fgsky is calculated. 

gwgsky FF −= 1  (3) 
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Table 1 shows the results of the previous method, revised method and the Monte Carlo method. For comparison, the 
results of two simplified methods adopted by Kusaka et al. (2001) and Martilli et al. (2002) are also shown. The 
results of the revised method show good agreement with those of the Monte Carlo method. On the other hand, the 
results of other simplified methods include huge errors. 
 

 
Monte Carlo

Fgsky Fgsky error Fgsky error Fgsky error Fgsky error

1 25 25 25 0.557 0.579 3.9% 0.516 -7.3% 0.447 -19.7% 0.417 -25.1%

2 30 20 25 0.456 0.460 0.9% 0.422 -7.4% 0.371 -18.6% 0.483 5.9%

3 35 15 25 0.348 0.338 -2.7% 0.320 -8.0% 0.287 -17.4% 0.568 63.1%

4 40 10 25 0.228 0.219 -3.9% 0.213 -6.8% 0.196 -14.0% 0.678 197.4%

5 25 25 30 0.505 0.521 3.2% 0.453 -10.3% 0.385 -23.8% 0.471 -6.7%

6 25 25 40 0.424 0.434 2.3% 0.361 -14.9% 0.298 -29.7% 0.557 31.3%

7 25 25 50 0.363 0.371 2.3% 0.299 -17.7% 0.243 -33.2% 0.621 70.9%

8 18 12 9 0.603 0.629 4.2% 0.604 0.2% 0.555 -8.0% 0.335 -44.5%

9 13.5 16.5 16 0.601 0.624 3.9% 0.537 -10.6% 0.458 -23.7% 0.407 -32.3%

10 9 21 36 0.596 0.602 1.0% 0.378 -36.5% 0.280 -53.0% 0.577 -3.3%

11 10.1 11.9 17 0.499 0.503 0.8% 0.403 -19.2% 0.330 -33.8% 0.522 4.6%
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2.2 CALCULATION OF SHADED AREAS ON THE GROUND CAUSED BY BUILDINGS 
 
In the previous model, any shaded area which overlaps with shade imposed by other buildings is calculated 
based on the assumption that the overlapping area depends on the ratio of building coverage. In this study, a 
three-dimensional method to calculate the shaded area is proposed. 
Whenever the shade is not interrupted, the shaded area imposed by one building is below, 

φθ sincothx =  (4) 

φθ coscothy =  (5) 

( )byxAgs +=  (6) 

Here, θ is the solar zenith angle, φ is the solar azimuth angle, x [m] is the length of shade in the east-west direction 
and y [m] is the length of shade in the north-south direction. 
However, this shade overlaps with other shade or buildings, i.e. when x>w or y>w, there is the necessity to subtract 
any overlapping area from Eq. (6). In this study, a method of calculating the shaded area is considered in 4 cases. 

Case1: without overlapping (Fig. 2 a) 
The shaded area on the ground caused by one building is represented by Eq. (6). 

Case2: x>w or y>w (Fig. 2 b) 
x>w; ( ) ( )( )φcotwbwxbyxAgs −−−+=  (7) 

or 
y>w; ( ) ( )( )φtanwbwybyxAgs −−−+=  (8) 

Case 3: x>w and y>w (Fig. 2 c) 
( ) ( )( ) ( )( ) ( )( )wywxwbwywbwxbyxAgs −−−−−−−−−+= φφ tancot  (9) 

Case 4: {x>(2w+b) and y>w} or {x>w and y>(2w+b)} (Fig. 2 d) 
It is assumed that all of the ground is shaded. 
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Fig. 2 Concept of shading area caused by one building

No. 1 (b=9, w=21, h=36) No. 2 (b=13, w=8, h=17.5) No. 3 (b=13, w=8, h=40)
Fig. 3 Calculation result of shaded area rate (The time interval is two minutes)

Fig. 1 View factor from ground
for buildings’ sidewall 

Table 1 Calculation result of sky view factor 
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Fig. 3 shows the variations of shaded area rates calculated by the previous method, revised method, the Monte 
Carlo method and two-dimensional method (Kusaka et al., 2001) in the three kinds of urban configuration in Tokyo. 
The results of the revised method are almost the same as those of the Monte Carlo method at all times. By contrast, 
the results of the other methods include significant discrepancies. 
 
3. REVISIONS TO THE CALCULATION METHOD FOR MEAN RADIANT TEMPERATURE (MRT) 
 
In the conventional meso-scale model, the MRT was estimated from up- and downward radiation fluxes. However, 
incorporating an urban canopy model into a meso-scale model enables estimation of the MRT using 
three-dimensional methods, i.e. including lateral radiation fluxes. By assuming the human body to be cubic, a 
revised method of estimating MRT in street canyons is proposed in this study. 
 
3.1. CALCULATION OF VARIOUS VIEW FACTORS FROM A SMALL CUBE 
 
As with the calculations of view factors from the ground, the view factors from each surface of a small cube are 
calculated. The sides of the cube are l [m]. The calculation methods of the view factors from the cubes are not 
mentioned here because they are the same as from the ground. 
 
3.2. CALCULATION OF MRT 
 
Using radiation fluxes from each surface obtained from the meso-scale and the urban canopy model, the net 
amount of radiation energy incident on the cube is calculated, and finally, the MRT is obtained. 

∑ ∑
= =

+=
6

1

6

1

2242 666
i i

iiihir cRlcIlTl ασ  (10) 

Here, σ is the Stefan-Boltzmann constant [W/m2K4] (=5.67×10-8), Tr is the MRT [K], αh is shortwave reflectivity of the 
human body [-] (=0.5, in this study), i are the indices of the surfaces of the cube (=1~6), Ii is the shortwave radiation 
incident on the ith surface [W/m2], Ri is the longwave radiation incident on the ith surface [W/m2] and ci is the weighting 
factor for radiation incident on the ith surface [-] (upper and lower surface=0.024, lateral surface=0.238) (Nakamura, 
1987). 
 
4. OUTLINE OF MESO-SCALE ANALYSIS 
 
A meso-scale model adopting Mellor-Yamada model Level 2.5 (Mellor and Yamada, 1982) is employed (Murakami 
et al., 2000). As the boundary condition, the urban canopy model proposed by Kondo et al. (1998) and revised by 
the authors mentioned above is incorporated. 
 
4.1 ANALYTICAL DOMAIN 
 
Four levels of one-way nested domains are used with resolutions of 8, 4, 2 and 1 km (Fig. 4). 
 
4.2 ANALYTICAL CONDITIONS 
 
The simulation starts at 06:00 23rd July (JST) and ends at 24:00 24th July (JST). The results using the evaluation 
are from 00:00 to 24:00 24th July (JST). For the other conditions, please refer to Ooka et al. (2004) and Harayama 
et al. (2005). 
 
5. SIMULATION RESULTS 
 
5.1 VALIDATION BY COMPARISON WITH OBSERVATION 
 
In order to estimate the effectiveness of the revised method described above, the results of this method are 
compared with data from AMeDAS (Automated Meteorological Data Acquisition System), as recorded by the Japan 
Meteorological Agency. The observation data are averaged for typical fine summer days. 
The results of the air temperature variation are shown in Fig. 5. The simulation results are of Domain 4 with a 
resolution of 1 km. Furthermore, the results of the previous study by Harayama et al. (2005) are shown.  
The results of the revised model show better agreement with the observation data than those derived from the 
previous model. The main reason is considered to be from the revision of calculation methods, the sky view 
factors from the ground become larger, and therefore, shortwave radiation incident on the ground increases 
during daylight hours while the influence of radiative cooling increases at night. 
 
5.2. TEMPERATURE, WIND VECTORS AND MRT DISTRIBUTION 
 
The simulation results for temperature and wind vector distribution are shown in Fig. 6, and the MRT distribution is 
shown in Fig. 7. The area for evaluation is Domain 4 and the time is 13:00 24th July (JST). The evaluation height is 
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1.5 m above ground for the temperature and MRT. Fig. 8 shows the floor area ratio in the Tokyo metropolitan area. 
In the coastal area, the temperature rise during daylight hours is controlled by the sea breeze, while in the inland 
area, the temperature rises significantly. On the other hand, in terms of MRT distribution, because the central area 
of Tokyo is crowded with multistory buildings, solar radiation becomes trapped. In consequence, the MRT rise 
near the ground is controlled. In suburban areas, because most buildings are lower level residences, the shaded 
area on the ground is smaller and the influence of incident solar radiation increases, and the MRT tends to rise. 
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6. CONCLUSION 
 
1) New methods of calculating view factors and shaded areas are developed. 
2) The accuracy of the new methods is validated in comparison with the Monte Carlo method. 
3) A revised method of estimating the Mean Radiant Temperature (MRT) in the urban canopy is also developed. 
4) The temperature and flow fields in the Tokyo metropolitan area are analyzed using the revised model. The 

results show better agreement with observation for a typical summer day than those from the previous model. 
5) Compared with the air temperature and the MRT distribution, it is suggested that the necessity for synthetic 

evaluation of a thermal environment targeted not only the air temperature but also the radiation field. 
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Abstract 
This paper presents the results of an urban heat island study that was conducted in the city of Beer Sheva, 
located in a hot, arid zone in southern Israel. Diurnal pre-dawn and early-afternoon measurements were taken in 
winter and summer weather conditions on three separate occasions. The results show the development of a 
significant UHI located around the most intensive area of human activity, the city business centre and old part of 
the city. The maximum intensity of the Beer Sheva UHI measured 7°C, which is relatively high for its size and 
location in an arid zone. It was also found that the UHI of Beer Sheva was more significant at pre-dawn than in 
the afternoon and during the winter period in comparison to the summer.  
 
Key words: Arid Zone, desert city, Urban Heat Island,  
 
 
1. INTRODUCTION  
 
The urban heat island is one of the most investigated phenomena in the field of urban climatology. Numerous 
studies have been conducted on the phenomena of urban heat islands, most of them in cold and temperate areas 
and recently in tropical and sub tropical zones.  
Heat island studies in arid environments have been limited to a number of cases: Phoenix and Tucson, Arizona 
(Hsu, 1984; Balling and Brazel, 1986, 1987; Tarleton and Katz, 1995), Kuwait City (Nasrallah et al., 1990) and,  
Eilat, Israel (Sofer and Potchter, 2006). The studies of Arizona have shown that UHI intensity is higher in summer 
nights, and increases in time, due to rapid urbanization growth. In addition, variability in temperature may affect 
extreme UHI temperature events (Tarleton and Katz, 1995). Nasrallah et al. (1990) found that, unlike the case of 
Phoenix, the UHI for Kuwait City was poorly developed. The explanations suggested include the proximity of 
Kuwait City to the coast and the effect of the Arabian Gulf sea breeze; low average building height in both 
commercial and residential areas; and the extensive use of local building materials that have thermal 
characteristics similar to those of the surrounding uninhabited area. Sofer and Potchter (2006) examine the UHI of  
Eilat, located in extremely hot and dry climate in a valley next to the Red sea shore, and found that the city 
development a moderate UHI which is more significant at midday during the summer period, while early morning 
inversions in winter have a weakening effect on the UHI intensity.  
It should be noted that the site location of certain of these cities was not ideal for the development of a UHI, such 
as Kuwait City and Eilat that are located near warm seas and Tucson, Phoenix and Eilat which are located in 
valleys. Therefore, it is not possible yet to fully characterize the UHI in arid zones. The desert city of Beer Sheva, 
which is located in almost optimal geographical conditions for UHI development, has been partially examined, 
Israel (Ganor, 1965; Skibin, 1979) and a relatively intensive UHI was found. The aim of this research is to 
examine the UHI of the desert city of Beer Sheva and to analyze the daily and seasonal characteristics and the 
spatial distribution of the local urban heat island (UHI). 
 
 
2. STUDY AREA AND METHODOLOGY 
 
The city of Beer Sheva is located at 34°50`N  31°15`E in a hot and arid climate in southern Israel . The population, 
including residents and students is estimated at 200,000. The city is situated in an almost ideal topographic site for 
UHI examination, on a large plateau with a small part of the northern neighborhood situated on low hills, up to 50 
meters above the plain. 
Two methods were used in order to analyze the magnitude of the urban heat island of Beer Sheva: 

1. An examination of temperatures and humidity trends over the last 50 years during the months of January 
and July. 

2. Climatic measurements were taken during different seasons (winter, spring and summer) in two 
consecutive years 2004-2005. Five mobile traverses across the city were carried out, representing all 
land uses and measuring temperature and relative humidity. 

On the basis of these methods the urban heat island of Beer Sheva was characterized. 
 

 
 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

450



3. RESULTS 
 
An examination of temperature trends between the years 1950-2005 was carried out for the month of January 
which represents the winter season and for the month of July which represents the summer season. Minimum 
and maximum temperatures were analyzed and the gap between them was calculated (fig. 1). During the month 
of January the daily minimum average temperature increased by almost 2°C, while the daily maximum average 
temperature experienced minor changes and decreased by 0.2°C. The gap between daily average minimum 
temperature and daily average maximum temperature has decreased over the last 55 years. 
During the month of July the daily minimum average temperature increased by 1.2°C, while the daily maximum 
average temperature has remained almost the same. As in January, the gap between daily average minimum 
temperature and daily average maximum temperature in July has decreased over the last 55 years. 

 
 
Fig. 1: Daily average minimum and maximum temperature trends in Beer Sheva: (a) in January (b) in July. 
 
An examination of relative humidity trends between the years 1950-2000 for the month of January which 
represent the winter season and for the month of July which represents the summer season showed the following:  
During the month of January the average relative humidity for 06:00 and for 14:00 increased by almost 2%.The 
polynomial line showed a pattern of decreasing values in the first two decades and then a significant increase.   
During the month of July the average relative humidity for 06:00 increased by almost 4% and for 14:00 it 
increased by 3%. Like in January the polynomial line showed a pattern of decreasing values in the first two 
decades and then an increase. This phenomenon was more significant at midday than in the morning (fig. 2).   

 
 
I 
Fig 2: Daily average relative humidity trends between 1950-2000 at 06:00 and 14:00 in Beer Sheva: (a) in 
January (b) in July. 
 
The second stage of Beer Sheva UHI examination was done by the mapping of the special distribution of 
temperatures in Beer Sheva at midday and dawn in the summer and winter season. Climatic measurements were 
taken during different seasons (winter, spring and summer) in two consecutive years 2004-2005. Five mobile 
traverses across the city were carried out, representing all land uses and measuring temperature and relative 
humidity. 
The results showed that the city develops a UHI whose intensity depends on the season, time of day and weather 
conditions. At midday in the summer under a western wind of velocity 4 m/s the city developed a UHI of up to 
2.5°C. At midday in winter under a northern wind of velocity of 3m/s, the UHI intensity was 3.5°C. In the evening, 
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the city developed a UHI of up to1.8°C in summer and up to 3.9°C in winter. At dawn in summer under a western 
wind with velocity of only 1 m/s the city developed a UHI of 4.5°C and at dawn in winter under a southern wind 
with velocity of 1 m/s, the UHI intensity was 6.9°C. It seems that wind direction determines the shape and pattern 
of the UHI distribution. Under southern winds the UHI shifts to the north of the city, while a western wind shifts the 
UHI to the east of the city (Fig. 3).  
 

 
 
Figure 3: The spatial distribution of Beer Sheva urban heat island: (a) dawn in winter (b) dawn in summer (c) 
midday in winter (d) midday in summer 
 
4. DISCUSSION 
 
An examination of temperature trends between the years 1950-2005 for the month of January and for the month 
of July showed that the daily minimum average temperature had increased. This phenomena is more significant in 
the winter than in summer. The daily maximum temperature experienced only minor changes. In order to examine 
these findings it should be noted that a comprehensive study which examines the temperature trend in Israel over 
the last 50 years, found that the minimum temperature dropped and maximum temperatures increased. From the 
data of Beer Sheva it seems that the temperature trend is different and can be explained by the phenomena of 
the characteristic of the UHI in the desert. Unlike most of the country the minimum temperature of Beer Sheva 
rose probably due to the intensive UHI at night and at dawn. The maximum temperature trend of Beer Sheva 
showed minor changes while most of the country experienced an increase in temperatures. This can be explained 
by the oasis effect caused by the intensive gardening in the city, a phenomena that was observed in the study of 
Besson et al (2005).  
Another finding is the moderate effect of the city on the local climate. The gap between the minimum temperature 
and the maximum temperature has become smaller over the last fifty five years, a phenomena that has also been 
observed in the semi arid and arid cities in Iran (Azizi, 2005). This finding can be explained by the increasing 
minimum temperature caused by the UHI effect at dawn and the oasis effect during midday that reduced the 
warming effect of the UHI. The relative humidity values are influenced by the combined effect of the urban heat 
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island and the rapid growth of vegetation within the city. In the first two decades (1950-1970) the humidity values 
fell due to the warming effect of the UHI. Since the 1980's, green areas have been extensively planted and 
invested in and these have increased the humidity values whereas temperature has increased because of the 
effect of the growing influence of the UHI.       
 
 
 
5. CONCLUSIONS 
 
The city of Beer Sheva develops a significant UHI which appears to be more pronounced during the winter than 
summer and during early morning hours rather than at midday. It is also appears that the relative intensity of the 
Beer Sheva Urban Heat Island in terms of size of population is higher than other desert cities that have so far 
been investigated. Due to the UHI influences on the spatial distribution of the heat stress in the city, it is 
suggested that further applied UHI research should be focused on the summer period. 
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Abstract 
 
The air temperature distribution in a city can be influenced by several factors, such as the distance from the 
center, presence of green areas and their size, concentration of antrophic activity and urban features. The aim 
of this study is to investigate the distribution of air temperature at pedestrian level in the city of Florence and to 
evaluate, through fixed and mobile air temperature sensors, the influence of courtyards and gardens in order to 
identify safe areas for tourists and residents during hot days in summer. For this, the city of Florence was 
divided in different concentric areas and in each of these some air temperature sensors were placed in three 
different settings: street, courtyard and garden. As a result of this study, higher air temperatures were found in 
the center of the city and in its vicinity. These zones are even characterizad by a smaller quantity of green 
areas, by a higher number and height of buildings. Moreover, it is in these areas that the higher air temperature 
differences between streets and gardens were found. 
 
Keywords: Urban Heat Island, green areas, microclimate, human health 
 
1. INTRODUCTION  
 
The catastrophic heat-wave that affected all Europe during summer 2003 (Kosatsky, 2005) was statistically  
unexpected (Luterbaker et al., 2004) and it underlined the high cost of heat-waves in terms of human morbidity 
and mortality. Climatological studies proved that cities, in addition of being hotter than the surrounding rural 
areas, have also greater temperatures than in the past (Hasanean, 2001; Rozbicki and Golaszewski, 2003). 
Owing to the "urban heat island effect" (Oke, 1973), as well as to the consequences of heat waves on health, 
individuals living in cities have an elevated risk of death when temperature is high compared to those living in 
suburban and rural areas (Conti et al., 2005). The urban structures are very complex and the variability of the 
meteorological values are very high (Matzarakis and Mayer, 1998). In particular, it is important to study air 
temperature variability within the cities to identifie areas in which people can found better conditions during hot 
days in summer. This study aims at representing a first survey on Florence air temperature distribution and tries 
to find out a relationship between air temperature values and some urbanistic parameters of the city.  
 
2. MATERIALS AND METHODS 
 
For this study, the city of Florence was divided into four elliptic concentric areas (named C-I, C-II, C-III and C-IV 
from the nearest to the city center to the much distant from it respectively) with the major axe in Est-West 
direction according to the city development. For each area the mean distance from the center of the city was 
calculated and an urbanistic study to identify the mean number of buildings and their mean heigh was made. 
Meanwhile, a study about the distribution of resident population was also carried out. Buildings and resident 
data were drawed from the statistic department of Florence minicipality (Tab. 1). 
 

Concentric area C-I C-II C-III C-IV 
Mean distance from the city center 
(Km) 1 3 5 7 

Mean number of buildings  
per Km2 1500 1000 550 160 

Mean numberr of resident  
per Km2  10000 15000 3500 1500 

Mean height of buildings 
(floor’s number) 2.7 3.5 2.2 2.2 

 
Tabele 1: Caracteristics of concentric areas 
In each concentric area, some air temperature sensors were placed in three different settings: street, garden 
and courtyard, that is a little garden (less than 500 m2) surrounded by walls (in the C-IV area it was possible to 

                                                 
1 Martina Petralli 
martina.petralli@unifi.it 
Piazzale delle Casine, 18 – 50144 –Florence, Italy 
 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

454



place some sensors only in gardens because it is a rural area). To study the air temperature distribution in 
Florence, data collected from each setting of each concentric area were firstly compared between the different 
setting of the same area and then between the same setting of different areas. Then, a comparison between 
these data and number and height of buildings and number of resident was made to identify a relationship 
between values of air temperature and some urbanistic and anthropic features. At the same time, using 
meteorological forecasting, during the two hotter days of 2005 summer caracterized by clear and calm weather 
(when the UHI of a city is higher), four investigations were made with a mobile sensor within the city and in the 
surrounding rural areas in the hotter hours (between 4 to 6 p.m.) and during the first hours of the night (from 10 
to 12 p.m.), when it is possible to see the major difference between air temperature in the city and in the 
surrounding rural areas. The mobile sensor was placed on a motorbike to stay at the height of nearly two 
meters from the soil and during the two hours of the investigation four trip were made from the center of the city 
to the surrounding rural areas.  
 
3. RESULTS  
 
According to the summer 2005 mean air average temperature, in each concentric area a reduction from streets 
to courtyards and then to gardens was found (Tab. 2). The mean average air temperature reduction was smaller 
between street and courtyard (generally about 0.3 °C in each area) than between street and garden, when it 
was generally about 1.2 °C.  
The higher values of mean air average temperature was found in C-II in all settings, followed by C-I, C-III and, 
taking into account gardens, C-IV. 
 

 C-I C-II C-III C-IV
Ave street 24.7 25 24.2
Ave courtyard 24.4 24.6 24.1
Ave garden 23.5 23.7 23.1 22.5
Max street 30.7 32.1 29.8
Max courtyard 29.2 33.8 30.2
Max garden 29.4 30.7 29.6 29.8
Min street 18.9 18.4 18.5
Min courtyard 19.1 17.2 18.6
Min garden 17.7 16.9 16.8 15.9
Range street 11.9 13.7 11.3
Range courtyard 10.1 16.7 11.6
Range garden 11.7 13.8 12.9 13.9

Air temperature (°C)

 
 
Table 2. Mean air summer 2005 temperature values for each concentric area 
 
As regard mean air maximum temperatures, there was not a constant decreasing or increasing trend. The 
higher values were found in C-II’s courtyard, but values are similar in each area and in each setting. 
For mean air minimum temperature, it was possible to find a decreasing trend in gardens air temperature from 
C-I to C-IV, with a difference of 1.8 °C. Instead, t his trend was not found between street and courtyard. Even in 
each area there was no connection between street, courtyard and garden. Finally, even a relationship in mean 
air temperature range between areaes and settings was found.  
Relating mean air temperature values with buildings and resident data of each concentric area, it was possible 
to find a relationship between garden’s mean air average temperature in the concetric areas and their mean 
number of resident and their mean height of buildings (Fig. 1). 
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Figure 1: Relationship between mean summer 2005 garden’s air average temperature (line) in the concetric 
areas and their mean number of resident (empty bars) and their mean height of buildings (filled bars). 
 
 
Similar results were found between maen garden minimum air temperature, mean number of buildings and 
mean distance from the city center (data not shown).  
The 28th and 29th of July (summer 2005 hottest days in Florence), were caracterized by clear and calm weather:  
in these conditions the UHI of a city has the higher values (Oke, 1973). Therefore, in these days, it has been 
studied the tendency of air temperature in each setting of each area (Fig. 2). It was possible to see that the 
higher air temperature values were found In every area in all kind of setting between 2 to 6 p.m. and there was 
not a great difference between the three settings. During the rest of the day, in the streets there were the major 
values of air temperature, then in courtyards and then in gardens. Only between 7 to 10 a.m., it was possible to 
see that in gardens the air temperature was inceasing much more than in the streets, so mach that air 
temperature in the gardens during those hours was higher than that of the streets. On the other hand, the major 
difference between air temperature registred in the streets and the one registred in gardens was during the firsts 
huores of te night, between 10.30 to 12.30 p.m.. 
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Figure 2: Air temperature trend in streets (unbroken line), courtyards (broken line) and gardens (dotted line) 
during hot days characterized by clear and calm weather. 
 
In the same days, four investigation were made with a mobile sensor within the city and in the surrounding rural 
areas in the hotter hours and during the first hours of the night. During these investigations four trips between 
the city center and the suburban areas were performed and the mean difference between the higher value 
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registred within the city and the lower value registred in the suburban areas was 2.6 °C during the da y and of 
3.4 °C during the night (data not shown ). 
 
4. DISCUSSION AND CONCLUSIONS  
 
The results of this study supports the hypothesis that in the major number of cities the intensity of the UHI is in 
the range 2-3 °C (Oke, 1973), founding a mean diffe rence in Florence between air temperature within the city 
and in the surrounding rural areas of about 3 °C du ring summer. This is not a climatological result, but only a 
outcome of a first study on Florence urban climate.   
According to previous research, which have examined the relationship between air temperature distridution and 
the Sky View Factor (SVF) (Oke, 1981; Unger, 2004; Petralli, 2006), in this study a relationship between mean 
summer 2005 garden’s air average temperature and the number of buildings per Km2 and the mean number of 
resident per Km2 was found. The higher relationship between air temperature values and the other urban 
caraceristics were found in gardens: this can rise from a higher influence of the position of air temperature 
sensors in the other settings, where buildings and their shade can influence the microclimate of the zone. 
Maximum mean air temperature values are similar between the city center and the rural areas, underlying that 
the difference between air temperature in these two places is not layed to the mean of maximum air 
temperature, but especially to average and minimum temperature.  
The minimum air temperature is an important factor for human health, in fact, it is during the night of hot days, 
when air temperatures are lower, that our body recovers from the great heat of the day: as some authors found, 
a body can react differently if it is stressed or if it can have some hours of rest after the great hot of the day 
(Kalkstein and Davis, 1989).  
From the analysis of the daily trend of air temperature during days caracterized by clear and calm weather, it 
was possible to find that in each area of the city, the tendency of air temperature in streets, courtyards and 
gardens was similar and gardens behaves in the city as rural areas do (Palmieri and Siani, 2000): when the sun 
starts shining in the morning, green areas start to get warmer faster than streets and builbings, in fact between 
7 to 10 a.m., air temperature in gardens and in courtyars is higher than in the streets. But the most important 
result is that, as in the morning gardens get warmer faster, equally they cool down during the night, between 
10:30 to 12:30 p.m.. 
These first results must be extended over a longer period, but can already help local administrators in urban 
planning (especially for new construction areas) to take into account the importance of green areas for human 
well-being, and in social work to plan elderly activity during the night in gardens to appreciate the more 
comfortable conditions of urban parks, after the great relationship found by many authors between hot days and 
mortality (Kosatsky, 2005; Kilbuorne, 1997; Sartor, 1995; Conti et al., 2005) 
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Oporto is a medium size city on the NW coast of Portugal with approximately 300 000 inhabitants that has 

experienced an intense urbanization process especially after 1970. 
Results from daily field work from November 2003 to January 2005 show several different thermal 

nocturnal pattern in Paranhos, Oporto, some of which we conclude can easily be related to different weather 
types. 

Our main purpose is to demonstrate the diversity of Oporto’s climatic subsystem resolution processes 
under generically similar weather types, as found during our period of itinerant measurements. 

Our research underlines the idea that the latitude, the strength of the winds from west, the Douro’s river 
presence and the altimetric diversity are not sufficient to erase the influence of urban metabolism on the energy 
city balance. 

From the analysis of the various examples selected, it is possible to state that there is a significant 
relationship between the weather type and the magnitude and pattern of the “urban heat islands”. 

The “urban heat-island” was specially evident on days of strong stability, weak barometric gradient, weak 
wind and frequent periods of calm, conditions normally associated with the presence of anticyclonic situations, but 
which we have found also under the influence of cyclonic weather types. 

We conclude however that it is not absolutely true that the “urban heat-island” is weaker under cyclonic 
than anticyclonic weather types. On the majority of the days with cyclonic weather and good mixing conditions we 
frequently verified a disturbance in the explicatory capacity of the two geographic factors considered - distance 
from the sea and altitude. 

Nevertheless, these two geographic factors proved decisive in explaining Oporto’s thermal nocturnal 
pattern on days under the effect of dry and very hot or very cold air masses. 

It is also significant that there was no particular intensification in the “heat-island” during the coldest time of 
the year. In our opinion, this did not occur because, on the one hand, the annual thermal amplitude is quite weak 
and, on the other, because the state of Portugal’s economic development is not compatible with the generalised 
use of equipment (eg. central heating of buildings) which can create a more comfortable ambience in the interior 
of buildings. 

We conclude that the energetic excesses which sustain Oporto’s climatic subsystem and the positive 
thermal anomalies particularly significant in some points of the city are above all associated with intense traffic, 
great compactness of the constructed area and irregular topography in these areas. 

Although our analyses of some climatic elements clearly show several examples of what we call the new 
balances of Oporto's Climatic Subsystem, they also reveal the difficulties concerning the distinction between the 
intrinsic climatological variability and effects induced by anthropogenic processes. 

 
Keywords: Urban Environment, Weather Types, Urban Heat Island.  

 
1.Introduction 

Oporto is a medium-sized city on the NW coast of Portugal with approximately 300 000 inhabitants that has 
experienced an intense urbanization process especially after 1970. 

Oporto is integrated in the northwestern Atlantic façade of the Iberian Peninsula, in the occidental extremity 
of Europe, enclosed therefore in the zone of the mid-latitudes alternatingly swept by the  subpolar and subtropical 
pressure belts of the north hemisphere, what clearly places it in the temperate latitudes. From the river Douro, the 
Oporto territory is located on a platform that goes up until the  alignment of the Rotunda of Boavista (129 m), Lapa 
(122 m) and Mount of Congregados (157 m), going down then softly towards North; it also goes down almost 
imperceptible to the West, towards the sea. Together, the Mankind and the hydrographic nets of the Douro/Leça 
rivers have shaped the physical substratum where the city is implanted and the majority of the tributaries of those 
two water courses "had been reoriented" by the increasing necessities of space. It is from the division zone of the 
two basins of the Douro/Leça rivers, with orientation NE/SW, around the 100/150 m, that a great part of Paranhos 
municipality is located.  
 
2.Methodology 
 2.1. Direct acquisition of the information 
After some experimental passages, daily field work from November 2003 to January 2005 was made with an 
itinerary where direct information has been obtained, according to the proceeding:  itinerant measurements of 
temperature and relative humidity were made in a passengers vehicle, during which a digital termohygrometer 
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was used. The Estação Meteorológica Automática (EMA) of Porto-Pedras Rubras was chosen as the reference 
station. 
  2.2. Non direct acquisition of the information 
  To study the weather and the atmospheric conditions under the measurement moments, synoptic charts 
hasve been saved/analysed (UKMO, 00h00 and 18h00). Satellite NOAA 17 photos have also been 
saved/analysed as complement to the synoptic charts. 
  2.3. Data handling  
A model of data treatment was defined, for posterior cartography, according to following process: 
 i) the temperature of the station of reference (Porto-Pedras Rubras) was defined at the beginning of each 
measurment round; 
 ii) The data (measured temperatures) had been inserted in a model of linear regression and, through analysis of 
trend, the foreseen values of temperature and the value of ∆ T were calculated: 

T prev i = a 0 +a 1 * n i 
iii) From the measured  real data temperature  (Tm) and the value of ∆ T, we proceeded the simplified thermal 
variation correction, with the purpose of getting the corrected values (Tcorr):  

( )
2

N
n

N

T
TmTcorr iii −∆−=  

iv) The thermal anomalies relatively to the  reference station were calculated:  
T desv i = T corr i - T aerop 

Because the information we got is discrete and it is possible to georeferenciate, intending to convert it 
into continuous information - and in the perspective of the existence of preferential directions of variability of the 
phenomen in study, that made to foresee of the existence of anisotropies – we opted for the classic methodology 
proposed by geostatístics, previously used in simmilar cases (J. Góis, 2004; A. Monteiro, e A. Fernandes, 2004): 
structural analysis, estimate with kriging and cartographic representation. The estimate of unknown values from 
known data, with kriging, implies the construction of variograms. 
 
3. Results  

The observation moments first had been divided in synoptic situations of clear stability and 
unstable/transient situations. Afterwards we considered the wind direction and speed and only after that had 
approached other factors.  

3.1. Stability  
3.1.1. AC, Continental (centered in the Iberian Peninsula and surrounded in N and W by fronts; or 

centered in the NE of the Iberian Peninsula): 
In the days 17, 18 and 19/11-2003; 10, 16 and 25/12-2003 (00:15); 04/01-2004; 3 and 4/02-2004; 3 and 4/4-2004, 
with wind of quadrant N and E, equal or less than 3m/s, during all the day or part of the day, it was verified that 
the urban heat  island in the study area exists, varying of magnitude between 0,05ºC and 3,42ºC. 
In the days 12/11-2003; 11 and 14/12-2003, with wind of NW, W and S, equal or less than 3m/s, it was verified 
the inexistence of the phenomen of the urban heat  island. 
In the same way, the urban heat  island also does not exist or is insignificant, considering the magnitude, in days 
of wind speed higher than 3m/s (days 17, 20, 21, and 25/12-2003 (23:56); 05 and 06/01-2004; 02 and 9/02-2004; 
3/3-2004; 24/11-2004). However, although the urban heat  island do not  exists compared with the reference 
station, cases of "relative island" in the interior of the urban perimeter are verified, with clear meaningfullness of 
the geographic localization (example of day 21/12-2003)  

3.1.2. AC, Atlantic  
Centered N and NW of the Iberian Peninsula: In the days 24/11-2003; 22 and 24/12-2003; 8, 10, 11, 17 

and 18/2-2004; 1/3-2004; 05 and 25/04-2004 (Fig. 1); 15,17 and 18/5-2004; 13/6-2004; 24/07-2004; 26/08-2004; 
21, 23 and 24/09-2004, in situation of calm or wind equal or inferior to 3m/s, during the day or part of the day, it 
was verified the occurrence of heat island, varying its magnitude from 0,33ºC to 7,31ºC. This is also true even 
when the wind is higher than 3m/s – but never from W –  under a large period of the day, when usually those 
anticyclones have a very high atmospheric pressure and there is a relative low pressure in the Iberian Peninsula 
(15, 16, 17 and 28/6-2004; 14, 23 and 24/7-2004; 26/8-2004). 

Centered  W of the Iberian Peninsula: In the days 16/11 and 23/12-2003; 1 and 3/01-2004; 27/12-2004, 
with wind of equal or higher speed than 3m/s, the urban heat island does not occur or it is extremely feeble.  

3.1.3. AC prolongated in direction W-E, sqeezed between fronts in the N and the S (generally after cF):  
In the days 15/12-2003; 28/01 and 7/2-2004, with weak wind, the heat island phenomena occurs. 

3.2. Unstable/transient 
3.2.1. In days 20 and 25/11-2003; 3/12-2003; 7, 22 and 27/1-2004, independently of the wind speed being 

low, the unstable/transient synoptic situation, associated with winds of W and S, inhibit the formation of the urban 
heat island. In days 22, 23 and 24/11; 4 and 9/12-2003, although the unstable/transient synoptic situation, with 
winds of low speed blowing from N and NNE, the heat island is promoted, with magnitude relatively low (0,10ºC to 
2,28ºC) but clear.  
 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

459



  

Thermal Anomalies Table 
 

Weather 
situation 

Date Temp. Thermal Anomalies Weather 
situation 

Date Temp. Thermal Anomalies 

St = stable   (airport ºC)       St = stable   (airport ºC)       

It = unstable           It = unstable           

Tr = transient     Average Max Min Tr = transient     Average Max Min 

St 031112 22:53 - 12ºC -0,23 0,58 -1,54 St 040425 21:44 - 14ºC 5,33 6,65 2,89 

St 031116 22:02 -11ºC -0,98 -0,62 -1,34 St 040515 22:54 - 16ºC 3,83 4,49 2,84 

St 031117 22:20 -11ºC 1,44 2,13 0,56 St 040517 23:05 - 16ºC 3,67 5,64 2,17 

St 031118 23:01 -14ºC 1,88 2,53 1,01 St 040518 23:05 - 18ºC 3,81 5,38 1,56 

St 031119 22:56 -12ºC 0,30 1,27 -0,73 St 040613 23:28 - 19ºC 6,46 7,31 3,63 

Tr(Ac) 031124 23:10 - 7ºC 1,60 2,28 1,07 St 040615 23:15 - 21ºC 2,28 3,47 0,70 

St 031210 23:05 -7ºC 0,97 1,69 0,05 St 040616 23:29 - 19ºC 3,77 5,39 0,60 

St 031211 23:08 - 12ºC -0,02 0,44 -0,33 StTr 040617 23:32 - 16ºC 1,79 2,55 1,26 

St 031214 00:02 - 10ºC -1,08 -0,53 -1,74 St Tr 040628 22:50 - 18ºC 5,36 6,95 4,11 

St 031215 00:01 - 10ºC 0,60 1,03 -0,30 St  040714 23:02 - 21ºC 5,78 7,57 2,56 

St 031216 00:02 - 8ºC 2,11 3,42 1,04 Tr 040723 23:35 - 19ºC 3,97 5,53 2,46 

St 031217 00:01 - 11ºC -1,28 -0,69 -1,67 St 040724 23:13 - 19ºC 4,83 6,19 3,28 

St 031220 00:14 - 13ºC -1,64 -1,01 -2,44 St 040826 22:52 - 16ºC 3,90 4,76 2,17 

St 031221 00:14 - 12ºC -1,31 -0,63 -2,05 St 040921 22:58 - 17ºC 4,88 5,98 2,96 

St 031222 00:05 - 7ºC 1,57 2,43 0,33 St 040923 23:00 - 21ºC 3,57 5,24 0,57 

St 031223 00:05 - 8ºC -1,71 -0,50 -2,79 St 040924 01:03 - 20ºC 2,44 4,13 -0,91 

St 031224 00:14 - 6ºC  2,46 3,06 1,74 St 040924 02:52 - 18ºC 2,64 4,07 0,00 

St 031225 00:15 - 9ºC 2,41 2,70 2,00 St 040924 22:54 - 15ºC 4,63 6,99 2,33 

St 031225 23:56 - 7ºC 0,24 0,77 -0,53 St 041124 22:01 - 9ºC -2,10 -1,38 -2,92 

St 040101 23:50 - 9ºC -0,19 0,28 -0,68 St 041227 23:07 - 7ºC -0,13 0,80 -1,04 

St 040102 22:15 - 9ºC 0,45 1,28 -0,14 St 050104 22:04 - 6ºC 1,07 1,96 -0,04 

St 040103 22:23 - 9ºC 0,04 0,57 -1,18 St 050104 23:03 - 6º C 0,24 1,10 -0,55 

St 040104 22:20 - 8ºC 1,68 2,42 0,18 St 050105 00:14 - 7ºC -1,50 -0,95 -2,49 

St 040105 22:21 - 10ºC -1,66 -0,96 -2,33 St 050105 01:17 - 6ºC -0,97 -0,36 -1,67 

St 040106 22:21 - 9ºC -2,08 -1,66 -2,50 It Tr  031120 22:55 - 13ºC -0,61 0,02 -1,07 

St 040128 22:02 - 7ºC  0,23 1,39 -0,69 It 031122 22:59 - 10ºC 0,65 1,34 0,01 

St 040202 22:11 - 14ºC -0,84 -0,29 -2,03 It 031123 23:15 - 10ºC 0,48 1,16 0,13 

St 040203 22:00 - 13ºC 2,08 2,77 1,29 Tr 031125 23:12 - 11ºC -1,82 -1,25 -2,22 

St 040204 21:57 - 13ºC 1,62 2,48 0,41 It 031203 23:07 - 9ºC -0,17 0,32 -0,53 

St 040207 22:04 - 9ºC 2,82 3,77 1,72 Tr 031204 23:04 - 8ºC 0,56 1,26 -0,79 

St 040208 22:00 - 9ºC 4,06 4,61 3,11 Tr 031209 23:06 - 6ºC 0,90 2,00 0,10 

St 040209 22:01 - 13ºC 0,07 0,63 -1,15 It 031226 23:49 -12ºC -0,33 0,06 -0,56 

St 040210 21:57 - 10ºC 2,69 3,51 0,44 Tr 040107 22:24 - 14ºC -0,51 -0,25 -0,73 

St 040211 21:58 - 8ºC 2,69 3,60 1,03 It Tr  040122 22:04 - 9ºC -0,42 0,09 -0,87 

St 040217 22:58 - 8ºC 2,96 3,75 2,01 Tr 040127 22:06 - 10ºC 0,63 0,98 0,40 

St  040218 22:57 - 5ºC 5,23 5,81 4,80 It 040219 22:58 - 8ºC 0,36 1,34 -1,03 

St 040301 21:57 - 3ºC 4,48 5,24 3,46 It Tr  040220 23:10 - 5ºC 0,47 1,64 -0,93 

St 040303 21:57 - 12ºC -1,07 -0,48 -1,45 It 040226 21:58 - 7ºC 0,22 1,69 -0,15 

St 040316 22:03 - 12ºC 2,82 3,50 1,30 It Tr  040325 22:02 - 9ºC 0,26 1,38 -0,17 

St 040321 21:59 - 10ºC 0,45 0,82 0,11 It 040326 23:11 - 10ºC -0,50 -0,09 -0,89 

St 040403 21:57 - 11ºC 1,10 1,59 0,31 It 040327 21:59 - 11ºC 0,09 0,41 -0,35 

St 040404 21:56 - 11ºC 2,22 2,70 1,72 It 040328 21:00 - 8ºC 1,33 1,84 0,75 

St 040405 21:58 - 12ºC 3,85 5,13 2,25 It 040520 23:04 - 20ºC 2,08 3,26 1,13 

St 040413 22:00 - 12ºC 3,97 5,14 1,68 It 040602 23:07 - 18ºC 2,40 3,27 1,68 

St 040424 22:58 - 12ºC 3,60 4,72 1,91 Tr 040611 23:18 - 17ºC 0,01 0,58 -0,36 
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Fig. 1- Urban heat island pattern and magnitude (example) 
 
4. Discussion 

In situation of stability, with an anticyclone centered in the continent, the formation of urban heat island  
occurs in days of calm or weak wind (<3m/s) and if wind direction blows from N or E. In identically  stable 
situations, with weak wind or calm, but with the wind direction from NW, W or S, the urban heat island is inhibited. 
Associated mist weather with changeable wind from S and W – even of low speed – generally inhibits the 
formation of the urban heat island. In stability situation, with an anticyclone centered in the Atlantic, in the N or the 
NW of the Iberian Peninsula, with wind equal or inferior to 3m/s, the heat island is formed, even after the cF 
passage. The localization of the Atlantic anticyclone in the W of the Iberian Peninsula causes winds of higher 
speed than 3m/s, therefore it does not promote the urban heat island. 

There are  cases of synoptic stability without urban heat island, or it is not significant, dependent on 
situations of the direction and speed of the wind.  

The unstable/transient synoptic situations only favor the heat island if the wind will be weak and of 
quadrant N and NNE. There are cases of unstable/transient synoptic situation that shows urban heat island of 
bigger magnitude than synoptic situations of stability. 

There are different urban heat island patterns depending on several factors but the highest magnitude 
occurs most around the points number 29/30. 
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CLIMATIC GUIDELINES FOR URBAN PLANNING IN LISBON 

Maria João Alcoforado, António Lopes, Henrique Andrade, João Vasconcelos, Rute Vieira 
Centro de Estudos Geográficos, University of Lisbon, Portugal 

Abstract 
 
The main objective of the research presented here is to “translate” knowledge of Lisbon’s urban climate into 
simple guidelines for urban planning in order to mitigate the urban heat island, promote ventilation and increase 
air quality. To this end, maps had to be drawn of the physical features of the city of Lisbon, synthesised into 
“urban homogeneous units” map. Climate guidelines were specified for each of the six groups of units (brought 
together according to urban morphology, topography and position in town). Part of this work was carried out 
through the joint efforts of a team of Lisbon University researchers and urban planners from the Lisbon City 
Council. 
 
Key words: Urban climate, urban planning, Lisbon 
 
1. INTRODUCTION 
 
Climate is one of the elements in urban physical environment and an important component in improving 
sustainability of cities and the quality of urban life. However climatic quality it is not often taken into account in 
urban planning (Oke, 1984, 2006; Eliasson, 2000; Mills 2006) and there is hardly any legislation on climate effects 
in cities. 
This presentation aims firstly to show an example of the application of climatic knowledge in urban planning. The 
study is on the city of Lisbon, which is situated at 38º 43’ latitude N and 9º 9’ longitude W, 30km eastwards of the 
Atlantic Ocean and on the bank of the Tagus estuary (which is 15 km wide in certain sectors). The second goal is 
to discuss some of the problems of transforming theoretical into applied urban climatology.  
The initial research was carried out in the frame of the CLIMLIS  project, whose main goals were to increase  
knowledge of urban climate in Lisbon (existing situation), to foresee the changes that will result from the process 
of urbanisation (planned developments) and also to suggest solutions in order to reduce the negative local effects 
of built-up areas.  
During this project, we  tried to surmount some of the difficulties pointed out by several authors (Oke, 1984, 2006; 
Eliasson, 2000) for this kind of applied research. One of them is the need to dialogue with planners, which has 
now begun between the Geography Department of the University of Lisbon and the “Department of Strategic 
Planning” of the Municipality of Lisbon. The Lisbon City Council (Câmara Municipal de Lisboa - CML) became 
increasingly interested in our research and financed another small project (CML Project) to “spatialise” guidelines 
for planning on maps at different scales. As a result of this, two climate maps will be included (for the moment 
only as annexes) in the new master plan for Lisbon. 
 
2. METHODS 
 
The first stage was to increase climatic knowledge of Lisbon in order to detect the main climatic problems 
(associated with the urban heat island, wind and air quality). This work was based on previous and recent 
observational studies and modelling (Alcoforado, 1992, Andrade, 2003, Lopes, 2002 and 2003, Alcoforado and 
Andrade, 2006, Andrade and Alcoforado, accepted, Vasconcelos et al., 2004, among others). Particular attention 
was given to green spaces (see Andrade and Vieira, this volume).  Temperature and humidity sensors were used 
for data acquisition in two types of networks: a mesoclimatic network that includes 12 fixed stations equipped with 
data-loggers with high skyview factors (>0.65), which are as free as possible of microclimatic influence of 
buildings and vegetation, and a microclimatic network within a single city district (Telheiras), where construction 
continues to advance in the northern part of Lisbon (see Andrade’s and Lopes’ abstracts on results of 
microclimatic studies for this conference). Different models were used to estimate wind speed and mean radiant 
temperature (Envi-met, Rayman, WAsP) and the different terms of the energy balance were modelled. Wind 
tunnels and meteorological balloons were also used. 
The Lisbon urban heat island (UHI) has an average intensity of 3ºC: the highest air temperatures occur mostly 
in the more densely constructed areas near the Tagus river bank and along the main circulation axis where there 
is ongoing construction. In areas of contrasting thermal seasons such as Lisbon, UHI may be a positive feature in 
winter but acts certainly very negatively in the summer by increasing discomfort and creating health problems for 
city dwellers; furthermore, it raises the level of oxidant pollution and increases energy consumption to cool 
buildings. In scenarios of global warming, UHI will increasingly grow as a nuisance. In this context, it was decided 
UHI mitigation was a priority. 
Prevailing N and NW wind circulation (circa 70% of the cases in summer days) is hindered by the densely built-up 
southern and central neighbourhoods. By way of a numerical model, summer wind speed reduction until the 
1980s (an important decade in urban expansion in Lisbon) was simulated (Lopes, 2002 and 2003). Wind speed 
decrease due to surface roughness was particularly important in the densely built-up southern city-districts (where 
z0 is - close to 1m) and over the Monsanto hill (200m, westwards from the most densely built-up areas, Fig.1). 
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Nowadays, construction continues in the northern neighbourhoods although there are still large open spaces left. 
Lisbon has become a rather polluted city, and some evidence of air quality impoverishment has been recently 
(2004) pointed out at a conference on Lisbon Air Quality. Legal thresholds are sometimes exceeded, as was the 
case in January 1993 when frequent anticyclonic calm conditions occurred (Andrade, 1996). It is also clear that to 
improve air quality, air circulation should not be hampered. 
Based in our dialogue with planners and on the experience from authors working in the same topics (Zrudlo,1988, 
Scherer et al., 1999, Feherenbach et al., 2001, several works referring to Germany quoted by Matzarakis, 2005, 
Baumuller et al., 2005, among others), it became clear that planners need very clear guidelines with regard to 
areas whose limits are very precisely drawn on a detailed map. 
As a help to construct the climate guideline map, a detailed cartography of Lisbon’s “physical” features was made 
using a GIS. With the help of a land-use map (built using a Landsat7 image and field work) and a ventilation 
map, based on a DTM, a map of urban homogeneous units (from the point of view of urban land-use, 
topography and position in town) was prepared.  The homogeneous urban units may also be called morpho-
topographical units, climatopes (VDI, 1998, Scherer et al.,1999) or considered a synthesis of the areal type and 
ventilation classes as used in the work of Feherenbach et al. (2001). 
Finally, different climate guidelines were given for six groups of homogeneous units in town.  
 
3. RESULTS AND DISCUSSION 
 
The main results of this process were two maps, which are too complex to be correctly reproduced in black and 
white. The map of urban homogeneous units is presented in Fig.1 in a very simplified version. 

 

 
 
 
 
           aerodynamic boundary 
 

Fig. 1 - Contrast between high and very high roughness areas of southern Lisbon (due to high building density 
and Monsanto Hill) and low roughness areas of northern Lisbon. 

 
The second map is subdivided into 6 layers, each of which refers to a group of homogeneous units for which 
climate guidelines are similar (Fig.2). 
 

   

   
Fig. 2 - Groups of homogeneous units for which climate guidelines were prepared (settlement scale). 
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The descriptive caption consists of six tables (one for each group) where recommended measures to mitigate 
UHI, enhance ventilation and decrease air pollution are listed (not shown due to lack of space). 
Guidelines differ according to the position in the city, topography and built-up density. For instance, in the 
northern part of the city, setting up green areas may be advised to moderate UHI, while in the city core, one can 
only recommend planting some trees in the rare areas still left. In the northern part of the city, large ventilation 
paths can still be preserved, while in the city centre, the only possible measure is to not obstruct the valley beds 
even further. Guidelines for planning with regard to each group of homogeneous units are synthesised below (see 
units in Fig.2). 
Unit 1. As the gradient wind is not yet excessively slowed down, everything must be done to maintain this 
situation: this will lead to positive consequences not only in the northern city districts but also in central and 
southern Lisbon, preventing overheating and excessively high pollution values.  As this is obviously an area with 
high building pressure, mainly in the NW sector, the guidelines are to avoid very densely built-up areas (H/W 
should be inferior to 1), to promote ventilation paths along large highways or between city-districts and create 
large green areas next to each new urbanized quarter. The southern limit of this area is indicated on Fig.1 as an 
important aerodynamic boundary. To the South of this limit, there is a great wind speed reduction due to Z0 ~1, 
while to the North of the same line there is still little wind speed modification. 
Unit 2. The second group of guidelines refers to ventilation paths. The limits of this unit depend on three main 
factors: topography (in southern Lisbon, unit 2 corresponds to the main N-S and NW-SE valley bottoms), built-up 
density (low built-up density axes in N Lisbon) and orientation along a roughly N-S direction (the same as the 
prevailing winds). In order to maintain suitable ventilation in these units, no high buildings oriented E-W should be 
allowed. Trees planted along these axes should not form dense windbreaks. If these rules are followed, better 
ventilation will lead to positive effects on temperature and air quality. 
Unit 3.  A narrow strip of land along the River Tagus is affected by Tagus breezes (35% of summer afternoons) 
that have a very positive effect on thermal comfort in the summer. In S and SW Lisbon there is already a relatively 
high construction density, but building height is on average less than 15m. However, new city-districts have been 
built in the last decade in E Lisbon. As construction continues, planners should be aware that buildings whose 
main length runs parallel to the Tagus bank prevent inland circulation of fresh air. So the two main guidelines for 
this unit is to avoid construction of very high buildings and to maintain ventilation paths perpendicular or oblique to 
the riverside (see Vasconcelos and Lopes’ abstract). 
Unit 4. The positive influence of urban green areas is well known (climatic, biologic, hydrologic, social, cultural, 
etc.). Green areas of small dimensions are useful to dwellers in a neighbourhood and if their inner structure is 
varied  (with ponds, lawns, tall trees, shrubs) several types of microclimates will be generated.  Living at a short 
distance on foot  from a small garden is one of the factors that contribute to the quality of life of urban citizens. 
Beside the influence inside the green area, it is well known that a medium- or large-sized park will modify 
temperature, humidity, radiant temperature and wind in the surrounding neighbourhoods (Wilmers, 1988, 
Spronken-Smith and Oke, 1998, Upmanis, 1999, Upmanis, et al.,1998). So it is advisable to maintain existing 
green areas (and not replace them with parking lots) and to create others wherever there is enough space left. 
The new green spaces should have a diversified inner structure. Dense windbreaks should be included windward 
from leisure areas. Some of the results on Lisbon urban green areas are presented in this conference by Andrade 
and Vieira. 
Units 5 and 6 are already very densely built-up (more so in unit 6). Unit 6 comprehends the old town centre and 
most of the city built until the 1950s. There is hardly any room to plant green areas, though roof gardens could be 
a possibility and deciduous trees could be planted on some streets. Types of construction materials used to 
renovate buildings should be of a light colour and weak thermal admittance (Oke et al., 1991; Doulos et al., 1994). 
There is a habit of covering terraces with a dark isolating (from rainwater) material, which contributes to summer 
overheating of buildings and surface UHI. In unit 5, H/W should be kept to less than 1 where buildings are still 
under construction.  
Suitable planning will also lead to a decrease in energy consumption. Prior to calculations for the economical 
influence of different urban structures, a study of microclimatic conditions within urban canyons must be carried 
out (see communications by Lopes and Andrade at this meeting).  
As referred to above, guidelines have also been given at the microscale level. Conflict between planning 
measures at the two different scales had to be dealt with. For example, at the settlement scale, large ventilation 
paths were recommended.  However, in the city-district under study, guidelines were given in order to provide 
shelter in outdoor areas used for leisure activities. 
 
4. CONCLUSION 
 
The CLIMLIS and the CML Projects proved an excellent opportunity to move from theoretical considerations to 
applied research. We wanted to give clear and simple guidelines with regard to specific places, because 
Portuguese management plans (Alcoforado and Vieira, 2004) usually provide only general and not always correct 
considerations as to climate. Our objective is to contribute to further discussions on the choice of the best 
methodology for this kind of work. 
In these projects, we also tried to surmount some of the difficulties involved in this kind of applied research. One 
of them is the need to have a dialogue with planners and this has now begun between the Geography 
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Department of the University of Lisbon and the “Department of Strategic Planning” of the Lisbon City Council. This 
dialogue grew easier as work progressed and parts of the maps have been jointly drawn. We had to learn to 
transmit our “climatologic message” in a simpler and more comprehensible form (without losing scientific 
accuracy) and the planners we worked with explained to the University team what their needs and expectations 
were in terms of strategic planning. Although the inclusion of climate guidelines is not yet compulsory in master 
plans (unlike noise and pollution, whose levels are regulated by law), we are making efforts to make clear and 
disseminate the idea that climatic guidelines should be systematically included in master plans of urban 
municipalities. 
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 ON THE ESTUARINE BREEZES IN LISBON, PORTUGAL 

João Vasconcelos*, António Lopes* 
*Centro de Estudos Geográficos - University of Lisbon, Portugal 

 
 
Abstract 
Urban climate contributes to urban sustainability mainly through its implications on comfort, health and energy 
efficiency. However the actual urban development in Lisbon doesn’t seem to have many climatic concerns as this 
kind of information is almost absent from the main planning instruments in Portugal. Only recently, in the actual 
revision of the Master Plan of Lisbon, some urban climate guidelines have been taken into account (Alcoforado et 
al., 2005; and Alcoforado et al. ICUC6 abstract). However one of the aspects still yet to be fully understood is the 
relation between the urban development in the waterfront and the wind patterns in Lisbon.  
In this work, a methodology for the integration of this sub-component in planning procedures was defined through 
wind modeling and GIS. It is shown that the urban development in this study period has been responsible for a 
decrease of 10.5% of the mean breeze speed, and that it is expected that this reduction becomes higher as the 
expansion trend seems to continue in the near future.  
 
Key words: Estuarine breezes, urban roughness, wind speed modeling, urban planning 
 
1. INTRODUCTION  
 
Lisbon lies at the north bank of the Tagus River, where it meets the Atlantic Ocean. Tagus river final stage does 
not form a usual delta, but instead a partially inverted delta. This particular landform creates a large estuary with a 
maximum distance between margins of 15 km wide and 25 km long (Fig 1).   
Lisbon’s municipality is almost completely urbanized. However, the oriental part of the city has been suffering a 
profound process of land use change in the recent years. This urban process has been largely stimulated by the 
reconversion of old and deactivated petrochemical industries into new modern residential, garden and commercial 
areas held in the frame of the World Exhibition (Expo98). 
 

 
 

Figure 1 – Lisbon’s location (oriental neighborhoods in window) 
 
Despite these fast changes, the urban reconversion in the oriental part of Lisbon has not been taking into account 
some of the ecological features of the area, like the breezes from Tagus estuary. The main objective of this paper 
is to assess the influence of the recent urban development on the modification of the inland penetration of the 
Tagus estuarine breeze, in the oriental part of Lisbon.  

 
2. THE ESTUARINE BREEZES OF LISBON  
 
Flux over Lisbon, at 500 hPa, free from surface roughness disturbances, is predominantly from the West all over 
the year.  At the surface, the most frequent wind direction during winter is NW and SW. From March, until the end 
of summer, the frequency of N and NW winds becomes dominant (Alcoforado, 1987, 1992; Lopes, 2002, 2003; 
Alcoforado et al., 2006). The origin of these N and NW summer winds is associated with the strong surface 
pressure gradient between a thermal depression located in Spanish meseta and the anticyclone of the Azores 
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sometimes extended over the North of the Gulf of Biscay. This summer wind blowing mainly from N and NW is 
called Nortada and it is characterized by a relatively strong wind speed, usually over 5.6 m/s (Alcoforado, 1987).   
When the nortada weakens, or ceases, other wind patterns start to develop in Lisbon: estuary and ocean breezes 
occur in 30% of the summer days (Alcoforado, 1987; Andrade, 2003; Lopes, 2003; Alcoforado and Lopes, 2003; 
Alcoforado et al., 2006).   
The breezes in Lisbon are generally triggered during the morning period (at 10.00 UTC) when the water surface 
from the Tagus estuary is not as warm as the city.  
As the continent keeps heating over the day, wind speed can increase and destruct the estuarine breeze 
(Alcoforado, 1987; 1992). By the end of the day, the flow can be contrary to the Tagus breeze. Usually this occurs 
with regional wind speed over 2.5 m/s (Ferreira, 1992).   
In this paper, summer estuarine breezes were identified through the analysis of the hourly data from the 
meteorological station of Cabeço das Rolas (circle in figure 2) during the period form the 1st of June to the 31st of 
September (2002, 2003 and 2004). A breeze day was selected when it was identified a rotation of the directional 
component of the wind, typical from breeze situations in Lisbon. This pattern consists in a shift from the morning 
period wind direction (W, NW or N) to other directions such as NE, E, SE and SW and with the returning to W, 
NW or N, by the end of the afternoon. This pattern has already been identified in previous studies (Alcoforado, 
1987; Lopes, 2002). Thus, breeze occurrences were considered as the hourly registers in which wind blew in 
those directions between the 45º and 225º, in days where it was identified the referred rotation pattern (fig. 2). 
 

 
Figure 2 – Typical wind rotation in a breeze day in Lisbon (from 9h to 18h) 

Cabeço das Rolas meteorological station (circle) data from the 20th June 2004 
 
One should notice that this criterion to identify estuarine breezes may not cover all breeze cases as it excludes 
those days in which the synoptic wind is in concordance with the breeze directions (e.g. synoptic wind blowing 
from SE). However by using these criteria it is possible to state that all days selected are breeze days. 
 
3. INFLUENCE OF THE ESTUARINE BREEZES  
 
In order to establish the influence of the estuarine breezes two sets of data loggers Tinytag Gemini were installed 
in Lisbon: one near the waterfront (A, in Fig. 3) and the other inside de city (B, in Fig. 3). 
 

 
 

Figure 3 – Measurement sites in eastern and central Lisbon 
 

Estuarine breezes rarely penetrate far inland in Lisbon as only in 5% of the cases they can cover the entire city 
(Vasconcelos, 2006). The differences between the two measurement sites allow us to establish a relation 
between the thermal patterns of those areas frequently influenced by the estuarine breezes (A) and those that are 
rarely influenced (B). As expected, the differences between sites showed an alteration of the thermal behavior in 
the stations with the presence of breezes. In days without breezes (43 days of the analyzed period), the 
differences between the two sites were weak, rarely exceeding ± 0.5ºC. In breeze days (23 days of the analyzed 
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period), at 12.00 UTC the waterfront (site A) is in average 3.5ºC cooler than the interior of Lisbon (site B). This 
clearly defines the role of the advection in cooling the southern and western districts of Lisbon. 
 
4. URBAN ROUGHNESS IN THE ORIENTAL PART OF LISBON  
 
The urban roughness length was calculated according to Mortensen et al. (1993) in a 160mx160m grid for two 
different periods: 2001 and 2005. An extreme urban development scenario (EUDS) was also created. The data 
for the urban roughness map of 2001 was obtained through the use of a webgis platform available by Edinfor. The 
update of the 2001 map was obtained through several field campaigns in 2005. The extreme urban development 
scenario is empirical and assumes the urban roughness of 2001 and 2005 in the areas that are nowadays 
abandoned or neglected (fig. 4).  
 

Figure 4 – Urban roughness in the oriental part of Lisbon 
 
5. MODELING THE BREEZE SPEED 
 
The Windmap model (Bower et al., 2004) was used to estimate the wind speed for each urban roughness 
scenario. Average wind speed and frequencies of the estuarine breeze were used as reference.  
Wind speed simulation for the different scenarios has demonstrated a strong reduction in the highest roughness 
sites. The simulation of the wind speed in 2005 has identified a reduction of 7.4% in relation to the previous period 
(2001). The urban development in four years (2001-2005) has been responsible for a decrease of the average 
breeze speed of 10.5% (0.14 m/s). If the EUDS development trends take place in the near future, it is expected to 
find an average decrease of the breeze speed of 15.9% (Table 1). 

 
 Roughness Wind speed 

Increase in relation to 
previous period  

Decrease in relation to 
previous period Periods Average 

(m) 
(m) (%) 

Average 
(m/s) 

(m/s) (%) 

Decrease in relation to average 
breeze speed (%) 

2001 0.4 - - 1.8 - - 3.2 
2005 0.9 0.50 57.6 1.7 0.14 7.4 10.5 

EUDS 1.2 0.34 28.5 1.6 0.10 6.0 15.9 
 

Table 1 – Modeling results 
 
The relation between the increase of the urban roughness and the decrease of the wind speed allowed us to 
predict that an increase of the average roughness from the actual mean values of 0.9m for the double or triple 
could have as consequence a decrease of the average wind speed of ~0.6m/s and ~0.8 m/s, respectively (figure 
5).  
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Figure 5 – relation between the decrease of the wind speed and the  
increase of the urban roughness in the oriental part of Lisbon 
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The model has also allowed us to identify preferential paths for air circulation. These areas could constitute a 
channel for the penetration of the estuarine breeze into the city, if only it will be kept total, or partially open. These 
areas (designated with an arrow in figure 6), can easily loose their potentiality for air circulation if the urban 
climate information continues to be neglect by the planning processes in Lisbon.  
 

 
Figure 6 – Wind paths for the penetration of the estuarine breeze into the city 

 
6. FINAL REMARKS 
 
Tagus estuarine breezes are one of the sub-components of the wind regime in Lisbon. Their role in cooling urban 
air is very important as they are more frequent when the climatic conditions are favorable to the summer thermal 
discomfort (mainly because of the high temperatures and low regional wind speed). Therefore the inland 
penetration of the estuarine breezes should be maximized as a way to preserve Lisbon’s natural wind 
advantages. It is recommended in this work that the urban planning in Lisbon integrates this information, by 
means of implementing wind corridors of low roughness for the estuarine breezes (for example, under 0.5m in 
order to avoid reductions over 0.3 m/s) and by the delimitation of areas near the riverside where the increase of 
the urban roughness should be avoided (with low buildings height and preferable not parallel to the waterfront). 
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Abstract 
 
A new energy code for residential buildings in Israel defines the solar insolation needed in each orientation and 
climatic zone in order to reduce energy consumption for heating. Based on this code, objective criteria for solar 
rights regulations are proposed. Performance and descriptive methods are suggested for keeping these 
regulations. The paper presents the suggested regulations for solar rights and focuses on the descriptive method 
that can be used as a simple design tool for the climate-sensitive urban design. The method is demonstrated by a 
case study that shows that it is possible to achieve high FAR rates in all orientations while complying with the 
suggested new solar rights regulations. 
 
Key words: solar rights, solar envelopes, urban regulations 
 
 
1. INTRODUCTION  
 
Solar insolation in winter reduces the energy consumption of buildings if used indoors [Shaviv et al., 2002], while 
insolation of exterior spaces may create climatically comfortable areas in winter. Nevertheless, ensuring proper 
insolation and an adequate amount of solar radiation is not an easy task, and a simple method is required to 
implement such regulations. Many cities and countries in the world defined regulations to keep solar rights. Some 
were created from a public point of view to keep open spaces and sidewalks insolated in cold seasons as defined 
in New York [www.ci.nyc.ny.us], or Toronto [Bosselmann et al., 1995]. In other places, regulations were defined to 
ensure the full use of private properties such as private open spaces and solar collectors.  

The cities also differ in their approach of application of the regulations according to: 
• The performance approach, in which the performance requirements are defined like the number of 
insolation hours needed [Melbourne, 1998]. 
• The descriptive approach, in which the schematic geometry of the buildings is defined by regulating 
building heights as in San Francisco [SFgov www.ci.sf.ca.us] or in a new business area of Tel Aviv [Capeluto 
et al., 2003]. 

At present, there are no general regulations in Israel to ensure solar rights for either public or private properties, 
although environmental assessment is required when tall buildings are designed [Capeluto et al., 2002]. However, 
no objective criteria were defined and the acceptance of the proposed plans is based on negotiation. It is worth to 
mention that keeping solar rights is most important in Israel, since solar collectors for water heating are 
mandatory. Moreover, the climatic conditions in Israel allow outdoor use in winter, providing that there is enough 
solar exposure. On top of these, a new energy code for residential buildings that award green stars to the 
buildings is based on the percentage of solar insolation needed in winter to reduce energy consumption [Shaviv et 
al., 2002]. These insolation requirements are the basis for the objective criteria on which regulations for solar 
rights are proposed according to three conditions: 

• The climatic zone (four zones) – insolation requirements are according to the severity of winter. 
• The orientation of the elevation (from east to west through the south) – the effect of insolation is higher 
for southern elevations and lower for the eastern and western ones. 
• The urban location of the building (two locations) – higher solar insolation is required in the periphery of 
the cities to maintain high-quality climatic conditions, while less insolation is acceptable in central areas 
where higher density is required.  

This paper presents the suggested regulations for solar rights in Israel [Shaviv et al., 2004] and the methods that 
were developed to comply with these regulations.  
 
2. DIFFERENT APPROACHES AND METHODS FOR KEEPING SOLAR RIGHTS 
 
The solar rights regulations can be applied in three levels based on the two approaches mentioned above: 
1. The first level, which is based on the performance approach, defines for each orientation, urban location and 
climatic zone, the required amount of solar radiation that award one or two green stars to the buildings (Table 1). 
This approach allows freedom in design. However, a designer must prove meeting the requirements, which is not 
an easy task. The requirements for achieving one green star are less severe than those for two stars. Hence 
higher FAR rates may be achieved. Therefore, these requirements were chosen for the solar rights regulations of 
city centers, while the requirements for achieving two green stars, which promise better energy performance and 
thermal comfort, were applied for the peripheral areas.   
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Table 1: Required radiation for each orientation, urban location and climatic zone (radiation values are in kWh/m2) 

Periphery Center Periphery Center Periphery Center Periphery Center Periphery Center
Total
SC(%) 50 30 60 40 70 50 60 40 50 30
required 0.34 0.20 1.06 0.70 1.76 1.26 1.25 0.84 0.39 0.23
Total
SC(%) 50 40 60 45 70 55 60 45 50 40
required 0.35 0.28 1.09 0.81 1.81 1.42 1.16 0.87 0.41 0.33
Total
SC(%) 50 40 70 55 80 65 70 55 50 40
required 0.35 0.28 1.27 1.00 2.07 1.68 1.36 1.07 0.41 0.33
Total
SC(%) 60 30 50 30 50 30 50 30 50 30
required 0.34 0.20 0.87 0.52 1.24 0.74 0.92 0.55 0.39 0.23

Eilat

Azim=270

Tel-Aviv

BeerSheva

Jerusalem

Azim=90 Azim=135 Azim=180 Azim=225

1.94 0.82

1.84 0.78

2.09 0.78

1.94 0.82

2.51

2.59

2.59

2.47

1.76

1.81

1.81

1.74

0.68

0.70

0.70

0.68

 
2. The second level, also based on the performance approach, indicates the insolation hours which meet the solar 
radiation requirements. The designer has to present the proof of keeping the surrounding buildings exposed to the 
sun during that time. 

3. The third level is a descriptive/prescriptive method, based on the insolation hours indicated. It presents the use 
of solar section lines (SSL) as a simple tool for solar rights design (Fig. 1). Designing according to the SSL 
ensures the solar rights of the surrounding buildings and open spaces, without the need to demonstrate further 
requirements. The SSL are based on the solar envelopes [Capeluto and Shaviv, 2001] that were created 
according to the required hours of insolation for each orientation of the four different climatic zones in Israel and 
for both central and peripheral areas. The SSL represent the critical (lowest) sun angle for the time period 
needed. Buildings that are lower than these SSL will not block the sun at least during the required hours. 

 
 

Fig. 1: SSL for the coastal plain area (represented by Tel Aviv) for central and peripheral locations. The hours of 
insolation required are indicated next to each line. The critical hours are underlined. 

The energy code was defined for buildings only. This work presents the use of the prescriptive/descriptive method 
for ensuring solar rights of public open spaces, streets and sidewalks as well. In these cases, the amount of solar 
radiation is irrelevant. Therefore designing for keeping solar rights of outdoor spaces must rely on either the 
defined insolation hours or the prescriptive/descriptive method. Hence, the use of SSL is different for keeping 
solar rights of buildings, sidewalks or public open spaces and will be presented in the next section. 

 
 
3. KEEPING SOLAR RIGHTS 
 
3.1. Keeping solar rights of residential buildings 
 
The angles of the SSL for each orientation allow the clear definition of building heights. The base point of the lines 
should be at the lower part of the first residential floor (Fig. 2). This means that in central areas, where lower 
floors may be used for commercial purposes the base point of the SSL will rise up, allowing higher buildings. 

 
 
Fig. 2: Building heights allowed in differently oriented streets in Tel Aviv for keeping solar rights of buildings’ 
façades. The first floor is residential. The dark spot is for the peripheral areas and the light for central ones. 
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3.2. Keeping solar rights of sidewalks 
 
The requirement for sidewalk insolation is that at least 1 to 2 meters of its width will be insolated. The demand is 
for only one sidewalk to be exposed at a time. It is recommended to keep 2 meters exposed to the sun. However 
in central areas, were higher density is required, it is possible, within the limits of the local planning regulations, to 
ensure insolation of only 1 meter. The application of the SSL for sidewalks is the same as for buildings, except 
that the base point should be positioned 1 or 2 meters from the building (Fig. 3). 
 

 
 

Fig. 3: Building heights allowed in differently oriented streets in Tel Aviv for keeping solar rights of sidewalks. The 
dark spot is for the peripheral areas and the light for central ones. 
 
3.3. Keeping solar rights of public open spaces 
 
The application of the SSL for keeping solar rights of open spaces is more complex than for buildings and 
sidewalks. This is due to the fact that the buildings may surround the open space from all directions.  

Keeping solar rights of open spaces is done in three steps as follows (Fig. 4): 
1. Defining the area needed to be insolated in the North-East and North-West side of it. This would be a 

triangle with the area of 30% (for central locations) or 40% (for peripheral locations) of the open space 
[Yezioro et al., 2004]. The triangle's hypotenuse should be parallel to the open space's diagonal. 

2. Defining the base points for the SSL in the middle of the triangle's hypotenuse. 
3. Creating the SSL from the base points, using the angle of the south to limit the buildings on the east, south 

and west sides of the space. 
In cases where the open space is positioned 450 from the main orientations, there would be only one triangle in 
the north, and the SSL of the south would limit the buildings on the south-east and south-west sides.  
 

         
 

Fig. 4: Three steps for keeping solar rights in open spaces: 1) defining the area of exposure, 2) defining base 
points for SSL and 3) limiting building heights on the east, south and west sides. 
 
4. CASE STUDY 
 
A case study was performed in order to evaluate the density that may be achieved keeping the regulations of 
solar rights and in order to appraise the easiness of using the new tool. In order to achieve this, a group of 
buildings designed in a new neighbourhood along the coastal plan (Fig. 5) was selected. The required step by 
step for ensuring solar rights of public open spaces, sidewalks and residential buildings, according to the climatic 
zone (coastal plain) and urban location (center of city) are: 

1. Definition of the open spaces (Fig. 5a) and of the areas for exposure (30%) (Fig. 5b). 
2. Limiting the surrounding buildings using the SSL of the south (330) (Fig 5c). 
3. Ensuring the solar rights of the northern and eastern sidewalks (Fig 5d). 
4. Ensuring the solar rights of neighbour buildings to the south (330), west (570) and east (640) (Fig. 5e). 
5. Ensuring the solar rights of the buildings by limiting parts of buildings that face other parts of it (Fig. 5f). 

(1) 

(2) (3) 
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Fig. 5: Steps for applying SSL in the case study and the FAR rates obtained  in the existing original plan (Fig. 5g) 
compared with the solar rights planning (Fig. 5h) 
 

The FAR rates for each lot were calculated along with the average density of the four buildings. This was 
compared with the FAR rates of the original plan (Fig 5g and 5h). An average density of 324% was achieved 
while keeping solar rights. The average density of the original planning was 197%. The buildings in this example 
were positioned exactly the same way as originally planned. We believe that even higher densities would be 
achieved if the two southern buildings were rotated creating the open space to their north, thus extending the 
distance between the southern and northern buildings. 
 
5. SUMMARY AND CONCLUSIONS 
 
The work presented in this paper was intended to define clear and simple method, based on objective criteria 
to keep solar rights of residential buildings, sidewalks and public open spaces. The basis for the objective criteria 
is a new energy code for residential buildings in Israel that defines the needed exposure to winter solar radiation 
in each orientation and climatic zone. Three methods for keeping solar rights are suggested. The first two are 
based on performance approach, where either the amount of solar radiation needed to achieve the exposure 
presented by the code is defined, or the specific hours that meet that amount are presented. Both methods 
require the designer to submit a proof of meeting the regulations, but allow more freedom in the design. The third 
approach, which is a prescriptive/descriptive one, presents a set of section lines (SSL) that defines the solar 
envelope that comply with the exposure hours needed in every orientation. This method is simple and 
straightforward and makes it easy for both designers and authorities to maintain. A case study that demonstrates 
the prescriptive/descriptive method shows that limiting buildings' heights using the suggested SSL allows 
complying with the sun exposure requirements, while achieving high FAR rates in all orientations.  
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Abstract 
 

 In the urban area, the ventilation has been inhibited by densifying and multi-storization of the building.  By this 
receiving effect, rise of the city temperature and retention of the pollutant become large problem.  The geometric 
form of the urban canyon in the city seems to greatly affect this.  For this reason, it is necessary to clarify the 
relationship between geometric form and city temperature of the street space in the urban area.  Then, the 
distribution of street width and building height, sky factor was measured in Hiroshima City as a measuring object.  

The measurement was carried out in summertime, and in 2004 2005. Measurements are the 2 types, and they 
are transfer observation by the car and transfer observation by the walking.  Measurement items are temperature 
and relative humidity. A measuring time is made to be 1 minute in each measuring point. 

  Results are as follows.   
In the urban area, decline of temperature has remarkably appeared, as the form of the street has been opened 

in time zone in which sea wind flows.   

 The effect of the geometric form of the street has not appeared clearly on the time zone smell of the calm.  
 

key word:City Climate , Heat Isiand ,Air TEmperature ,Filed Measurment,Urban Canyon 
 
 

 
Figure-1 Location of  Measurement Area 

 
1Corresponding Author : Nobuyoshi KIYOTA,Professor of Hiroshima Institute of Technology , Faculty of 
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Figure-2  The conceptual scheme of geometrical                 Figure-3  The distribution of the sky factor  
         configuration of the street.   
1.Introduction 
  In this paper ,we describe about the influence of land and sea breeze on air temperature in urban area at 
Hiroshima city in summer season. In the urban area, there is a place where the temperature is low like waterfront 
and green land. And, there is a place where the temperature is high like building and road.   
  The purpose of this measurement described as follows. 
  By modification of the recent land use by the urbanization and increase in the artificial waste heat, city proper 
climate change like the heat island becomes remarkable.  
  Temperature rise caused by heat island is made to lower the amenity in the summer time.  
  It has been indicated that the effect is caused for various sides such as increase of air conditioning energy 
consumption  
  The passive utilization of natural energy such as land and sea breeze seems to be adequate for improving the 
thermal environment 
  In the urban area, the high-temperature phenomenon becomes remarkable by various energy use. So, we 
consider the effective utilization of land and sea breeze as the technique which suppresses this high-temperature 
phenomenon. 
 
2.Study Area 
  As it is shown in Figure-1, Hiroshima Prefecture is located at western part of Japan.Hiroshima City lines between 
Tyuugoku mountain range and Shikoku mountain range. And this area calls Seto Inland Sea. 
  The sunny day is abounding for this region throughout the annual. Therefore, it is the region where the land and 
sea breeze arises in Japan most. And there are six rivers at urban area in Hiroshima City. 
 
3.Method 
  In order to analyze the heat island phenomenon in urban area, and consider the countermeasure 
We classified the measurement period two pattern.One is calm period and another is sea breeze period 
  Here, it is clarified that the relationship between geometry and temperature of the street shown in Figure-2. As a 
geometry of the street, street width and building height and sky factor are being taken up, as it is shown in 
Figure-2.  The sky factor of the street is calculated from all sky photographs. The distribution of the sky factor of 
all measuring point is shown in figures-3.  According to this, the sky factor of the measuring region is distributed 
between 30% and 100%, and the distribution around 70% becomes a maximum.     
 
4.Results 
4.1 Distribution of Air Temperature 
  First to begin with, the air temperature distribution of the calm in the summertime is shown in Figure-4. The red 
round in the figure shows the condition in which the temperature is higher than the mean value, and the blue round 
which is lower. This time, the temperature receives the effect of the land cover of, as it is shown in figures, and the 
temperature has lowered in wide street and green belt. 
  Next, the air temperature distribution at sea wind is shown in Figure-5. This figure shows that the temperature 
lowers near the river in which the sea wind goes up.Then, this figure shows that the temperature rises in the place 
where the building has massed.  And the temperature is low in the place where near the river marked yellow.  
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Figure-4 Distribution of Air Temperature during Calm 

Figure-4 Distribution of Air Temperature during Sea Breeze 
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Figure-6 Relationship between Air Temperature and         Figure-7 Relationship between Air Temperature and 
        Average Building Height                                   Sky View Factor 
 
4.2 Relationship between Air Temperature and  Average Building Height 
   It is considered that the temperature in urban district receives large effect in the geometrical configuration of the 
street.  To begin with, the height of the building which faces the street is made to be an index as a geometric form 
of the street.  The building height is made here to be a mean value of building height of both sides which faces the 
street.  Then, the relationship between building height and temperature in the sea wind is shown in figures-6.  
Since the inflow of the air flow is inhibited in the street with the rise of the height of the building, the temperature in 
the street rises, as it is shown in this figure.   
 
4.2 Relationship between Air Temperature and  Sky View Factor 
 Next, sky view factor in temperature measuring point is adopted as a geometric form of the street.  The 
relationship between temperature and sky view factor is shown in figures-7.  According to this, the temperature in 
the street lowers in the sea wind with the increase of sky view factor.  By the increase of the sky view factor, sea 
wind becomes easy to flow the measuring point in the street, and it seems to be because cooling effect is received 
by the sea wind which is lower than the air temperature.   
 
5.Conclusion 
  In this paper, the relation between temperature in the summer in the Hiroshima City and geometrical 
configuration of the street has been described.  Results are as follows.   
     In time zone of the calm, in the urban area, the temperature rises with the increase of the area that the           

building is covered.   
     In time zone of the calm, in the urban area, the temperature falls with the increase of the area covered in the      

green. 
     Since the inflow of air flow is inhibited, in the urban area, the temperature rises with the rise of the height of       

the building which faces the street.   
    In the urban area, with the increase of sky factor in measuring point air flow flows, and the temperature lowers.   
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(PORTUGAL) AS A TOOL TO SUGGEST CLIMATE GUIDELINES IN LOCAL 

URBAN PLANNING 
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Abstract 
 
For urban energy saving purposes, knowing the balance between radiation components can be extremely useful. 
This knowledge can be used to suggest microclimate guidelines for local urban planning. This study attempts to 
understand thermal conditions in a partially closed urban canyon in a northern district of Lisbon. Temperature 
profile with a captive balloon, air temperature, humidity and wind speed at standard height levels, long and short 
wave radiation components and surface temperatures of the buildings inside the canyon were measured. Sky 
view factor was modeled at several points. Thermal patterns and rhythms inside the building envelop are 
dependent on the radiation balance. As the urban canyon is almost closed from prevailing north wind, during the 
night a “warm bubble” was observed inside the urban canopy layer. 
 
Key words: Surface and air temperatures, radiation budget, urban canyon, energy saving, Lisbon. 
 
1. INTRODUCTION  
 
Saving energy is a primary requisite to resolve the subject of the “sustainable city”. For energy saving purposes, 
knowing the balance between radiation components that arrives and leaves the urban surface can be extremely 
useful. It is well known that radiation balance, with all the other components of the physical environment 
(anthropogenic heat, turbulent heat fluxes, advection, etc.), that envelopes urban canyons, guides outdoor 
thermal patterns. These conditions when combined in a “negative” way with pollutants can affect in particular our 
health and comfort inside and outside buildings. On the other hand if we know how much radiant and thermal 
energy is available in the volume of an urban canyon one can access the energy consumption needs and 
rationally suggest new sustainable ways to project the build environment. 
This study is an attempt to understand radiation balances in late autumn conditions in a partially closed urban 
canyon in the northern part of Lisbon (fig. 1). The data was collected during a campaign on the 23rd and 24th 
November 2001, integrated in the CLIMLIS project (see Alcoforado et al., elsewhere in this meeting). 

 

  
 

Fig. 1 – The location of the study urban canyon of Telheiras neighborhood in the north of Lisbon 
 

Until the eighties of the last century, the north of Lisbon was not densely occupied. But in the last decades the city 
has expanded to that area, increasing the build volume, and affecting its urban climate. Especially the increase of 
the aerodynamic roughness length in the north (from typically values of 0.3 m to more than 1 m) has reduced the 
north prevailing wind speed from 30 to 40 % in the center of the city (Lopes, 2002; 2003). This expansion area is 
therefore very important not only because it can affect the urban environment of the whole city but also because 
its urban design (tall buildings with 7/8 or more stores, with few green areas) is a standard for the new 
neighborhoods that will be constructed when and if the airport area (fig.1) is relocated about 40 km away from the 
city. This study can be therefore a contribute to urban planning as it can be applied to the future built-up areas. 
 
2. URBAN CANYON CHARACTERISTICS, METHODOLOGY AND DATA 
 
This residential area is composed by medium high buildings (with an average height around 25m), with 6 and 7 
stores. The width of the minimum cross section of the street (west/east) is 59m, leading to an H/W ratio of ≈0.42. 
The buildings are mostly colored by white and dark pink paint, covering concrete walls. The rooftops are flat dark 

Lisbon 
Airport 

1 km 
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grey (very different from the traditional red brick tiles of the older part of Lisbon), and therefore probably better 
absorbers than reflectors. Sparse deciduous and some evergreen vegetation occupies the left and central part of 
the canyon (fig. 2b). As shown in figure 1 the street is open to the north and south, but is relatively sheltered to 
the northeast wind. The shape of the buildings (forming an “L”) gives a rather close than open characteristic to 
this urban canyon. In a wind tunnel study of this area, Lopes (2003) showed that in spite of ventilation conditions 
are not optimal they are enough to promote the renewal of the air inside the street.  
Air temperature, humidity and wind speed data was acquired using tinytalk Data Loggers at standard height levels 
inside the urban canyon: one in the middle of the street (measuring temperature and wind speed) and two near 
the facades of the buildings (only temperature), one west oriented (6 m far from the building) and the other east 
oriented, 3 m apart from the walls. Temperature profiles from the ground to the top of the buildings were made 
using other tinytalks fixed to a cable in a captive meteorological balloon at several heights (each 5 m, the first 
10 m from the ground). Both long and short wave radiation components were measured with pyrgeometer and 
pyranometer instruments. Surface temperatures of the walls of the buildings inside the canyon were measured 
with a pistol infrared thermometer. Sky view factor was modeled in the points near the walls. 
The synoptic conditions were of great stability (anticyclonic situation) during the observations, started at 15:00 PM 
on November the 23rd until 10:00 AM in the 24th of 2001. At the airport meteorological station the wind was 
blowing from northeast (<1.5 m/s) and the sky was cloudless.  
 
3. ATMOSPHERIC THERMAL PATTERNS INSIDE THE URBAN CANYON. 
 
In the afternoon of the 23rd November the warmest part of the canyon was the top level near the rooftops (20 m, 
fig. 2a). The temperature was about 18ºC while at 10 m high was 2 to 3º C lower (below 16 ºC). This is probably 
due to the few sunshine hours inside the urban canyon (just 5 hours in late November), and at the top of the 
buildings the sunshine is more effective in warming the air. As one can see in fig. 3 the west and east facing walls 
are in the shadow most part of the day. The vegetation can be also an important factor because, as one can see 
in fig. 2 b, is still vigorous in late November, providing shadow and cooling the air near the ground. 
 

  
a b 

Fig. 2 – (a) Thermal rhythm inside the urban canyon on 23-24 November 2001. (b) general view of the urban 
canyon. 

 
After sunset the lowest temperatures continues to occur near the ground but the highest temperatures occurs at 
15m high until sunrise. Near the roof level the air was cooler but not so much as near the surface. This bubble of 
warmer air inside the urban canyon during all night can be explained by the radiative cooling at the street level 
that refreshes the air near the ground. At the same time the release of anthropogenic heat from the walls to the 
interior of the canyon can induce this “bubble”. The temperature near the walls of the buildings were in average 
2ºC above the temperature near the ground, noticing the importance of this factor in the energy balance in urban 
environment. The advection of cooler air in the urban boundary layer above the rooftops can explain the lower 
temperatures at 20m during all night. Poor conditions to mix the air inside this urban canyon with the air from 
outside were observed in a wind tunnel study conducted by Lopes (2003). With north weak wind there is poor 
mixing between the undisturbed flow and the air inside the urban canopy layer. 
When compared, the temperatures near the walls (black and white dots in fig. 2a), shows a obvious relation with 
direct radiation during the day: before sunset the higher temperatures occurs in the west faced walls, but after 
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sunshine the opposite occurs when east facing facades receives more direct radiation while west facing walls only 
receives diffuse radiation (fig. 3). The question is why during all night the air near the east faced wall (white dots 
in fig. 2a) is warmer than the west faced that received more direct radiation until the afternoon (15.00 h). The 
answer can be in the vegetation near the east faced wall, that can trap part of Infrared radiation from the surfaces, 
and maintain a warmer environment. Furthermore, the trees (that practically do not exist on the other side of the 
street) can prevent the cool air flux to drain from the north part of the canyon. This is a hypothesis that should be 
considered in future investigation. 

  

N 

 
a - tinytalk 2   b - tinytalk 1 

 

Fig. 3 – Polar diagrams in the two locations near the walls of the urban canyon: on the left (a) east faced wall and 
on the right (b) west faced wall. 

 
4. SURFACE TEMPERATURES OF THE WALLS AND RADIATION FLUXES INSIDE THE BUILDING 
ENVELOP 
 
The surface temperature commands the emitted energy of the surfaces and affects directly the thermal energy 
that influences the indoor and outdoor comfort. As a consequence, its patterns on the surfaces - walls, roofs and 
streets, must be studied. A microclimatological model that can correlate the best exposition and the adequate use 
of construction materials should drive our attention, in order to create a better urban physical environment for 
human comfort and energy saving purposes. This would be of great importance for urban sustainability, and for 
those (architects, planners, etc.) who wants to create better urban spaces. At the present such a model is not yet 
total and well implemented, and this study intends to be one more step to “assemble” this hard task. 
During the measurements campaign we made three sets of observations registering the surface temperatures 
with an infrared thermometer pistol: in the afternoon of the 23rd November (15:00 P.M.) and at 4:30 and 9:30 A.M. 
in the 24th (fig. 4). 
 

   

N 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Shadow 

a - 23rd Nov. 15:00 P.M. b – 24th Nov. 4:30 A.M. c – 24th Nov. 9:30 A.M.  
 

Fig. 4 – Wall surface temperatures in the afternoon (a), at dawn (b) and in the morning (c). 
 
As one can see in the figure, in the afternoon, the south faced facades, that receive direct solar radiation, are 
much warmer than all other ones. The greater differences occur between north and south facades (27 ºC 
difference). Compared to west faced (that during part in the morning are in the shadow), south faced walls were 
14º C warmer because of the longer direct radiation period. During the night all the walls have the same surface 
temperature (11º C). The measured outgoing long-wave radiation (L↑) was 366 W m-2, and the incoming 
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long-wave radiation emitted by the urban atmosphere (L↓) was approximately 300 W m-2, witch means that there 
is a “negative” surface net long-wave radiation budget (L*) of 66 W m-2. This can explain part of the “bubble” 
pattern mentioned in section 3. In the morning, east and south faced walls first receives solar direct radiation: as a 
consequence surface temperatures have the highest values, around 15 to 17º C (the first) and 21º C the second 
(fig.4). In the morning, the difference between north and south faced walls is about 11º C, but this value increase 
to 27º C in the afternoon as we have noted before. In the middle of the day (about 13:30 P.M.) the net all-wave 
radiation (Q*) is largely positive (387 W m-2). The low albedo (5.6%) of this street is due especially to the black 
asphalt. In other street, with white limestone pavement, the albedo of the surface (30%) clearly modifies the net 
all-wave radiation, reducing Q* to ≈260 W m-2, as a consequence of its high reflective characteristics (the other 
components remain more or less constant). 
 
5. FINAL REMARKS AND CONCLUSIONS. 
 
The primary results lead to the conclusions, as expected, that thermal patterns and rhythms inside the building 
envelop are dependent of the radiation balance. As the street is almost closed to the northeast wind, during the 
night, a kind of “warm bubble” was formed inside the urban canopy layer, as a result of irradiation (cooling the air 
near the surfaces) and skimming air flux in the boundary layer above the rooftop level. The air temperatures near 
the ground were in average 2 ºC lower than at the 15 m height. Above buildings height, in the urban boundary 
layer, the temperatures were 1ºC lower than inside the canyon. In the afternoon the warmer places were those 
receiving more sunshine hours. The walls surface temperatures can reach enormous differences depending if 
they are directly exposed to radiant energy (42ºC) or in the shadow (13ºC). This can explain great differences in 
energy consumptions, depending if the walls are more or less sun exposed. More measurement campaigns, in 
other seasons, should be performed to complete this research. Especially in summer and winter, field work must 
be done to ensure complete and accurate microclimate guidelines. This research suggests that the relocations of 
trees and other vegetation can be an important factor to provide shadow and moister air in the urban canyon 
areas where the refresh of the indoor and outdoor environment is a priority. In this case study, the trees should be 
less compact to promote local good ventilation and efficiently remove air pollution. North faced flats can be cooler 
in summer but surely need more consumption for heating especially in winter. If no other option is possible, this 
orientation should be carefully design. 
The understanding of this microclimatologic system is very important for architects and urban planners because 
this knowledge can develop better design practices, in order to improve human comfort and help to save energy 
in future urban areas with the same characteristics. 
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Abstract 
 
There are many high-rise residential buildings being constructed in Korea. The construction of a tall building 
inevitably changes the microclimate in surrounding area. It is necessary to measure the high wind velocities 
occurred at surrounding area that can be experienced as uncomfortable or even dangerous. At the Tower Palace 
in Seoul, there is a wind block which keeps the air and pollutants from being dispersed outside.  So, it creates a 
unique urban microclimate.  
 
Key words: building wind, urban climate, microclimatic impact  
 
 
1. INTRODUCTION  
 
Due to urban expansion combined the desire to live in a larger housing unit, there are many high-rise residential 
buildings being constructed in Korea. In a large city like Seoul there are little lands for new apartments to be 
constructed. The construction of a tall building inevitably changes the microclimate in surrounding area. In 
particular near high-rise buildings, high wind velocities are often introduced at pedestrian level that can be 
experienced as uncomfortable or even dangerous. The wind speed at pedestrian level results from the complex 
wind flow pattern around a building. The importance of a comfortable and safe wind environment in the vicinity of 
buildings has been emphasized by a large number of authors. However, there are few studies covering the wind 
effect of high-rise residential buildings.  Thus, this study aims to provide the basic data necessary for wind impact 
assessment for high-rise residential buildings. 
 
2. Materials and Methods 
 
2.1. Study Site 
 
The study site is Dohgohk-dong, Gangnam-ku, located in Seoul, Korea (Fig. 1).  As we can see in Fig. 1, there 
are many high-rise residential building sites whose height is 25, 45, and 69 stories.  Especially The Tower Palace 
Residential-Commercial Complex Buildings are 69 stories or more whose height is 261m while Maebong 
Mountain is 95m located to the northwest of Tower Palace. Yahngjae Stream is located to the southwest of Tower 
Palace. 
 

 

 

Fig. 1. Three-Dimensional Digital Terrain Model in the Study Site 
 
 
2.2. Data Measurement 
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Propeller-type wind monitor are used to measure the wind velocity and direction. They are installed both at 
windward side and leeward site of Tower Palace. At windward site the data were measured from Feb. 10 to Apr. 8, 
2006 while measured from Jan. 21 to Apr. 8 at leeward site. AWS are also used to measure the temperature, 
humidity, precipitation and air pressure. The measured data were classified based on Beaufort scale (Table 1). 

Table I.  Beaufort Scale And Wind Effects On Land 

Beaufort 
Number 

Average 
Speed mph 

Effects 

1 1-3 No noticeable wind. Smoke rises nearly vertically. 

2 4-7 Wind felt on face, leaves rustle. 

3 8-12 Hair is disturbed, clothing flaps. 

4 13-18 Dust and loose paper raised, hair disarranged. 

5 19-24 Force of wind felt on body. Limit of agreeable wind on 
land. 

6 25-31 Some inconvenience in walking. 

7 32-38 Difficulty when walking against wind. 

8 39-46 Difficulty with balance in walking. 

9 47-54 Danger in being blown over. 

10 55-63 Trees uprooted, considerable structural damage. 

 
 
3. Results and Discussion 
 
There are two occurrences with Beaufort degree six and nineteen ones with Beaufort five at windward while there 
are only four occurrences with Beaufort Degree five at leeward. Fig. 2 shows the frequency of wind direction with 
Beaufort Degree 5 or more at windward and leeward site.  As we can see in Fig. 2, the major wind direction of 
windward is northwest (NW) to north (N) while that of leeward is southwest (SW) to south(S).  The major wind 
direction of Seoul including the site during this period is northwest (NW). At leeward there were few winds with 
north to northwest direction. The major wind direction is south(S). It means that northwest wind at windward is 
blocked by Tower Palace Buildings whose height (261m) is three times higher than Maebong Mountain (95m). 
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Fig. 2. Wind Direction Frequency with Beaufort Degree 5 or More at Windward and Leeward 
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Fig. 3. Daily Hour Wind Frequency Whose Beaufort Degree is 5 or More  

 
In terms of daily hour the most frequent time is 14:00 to 16:00, which seven of total nineteen occurrences were 
recorded at windward while the most frequent time is 18:00 to 20:00 at night.  
In summary, The Tower Palace Building Complexes block the major wind direction (NW) during the measuring 
season.  The Tower Palace is arranged east to north which plays a building wall. The road between Maebong 
Mountain and Tower Palace works like a valley. So, it keeps the air and pollutants from being dispersed outside.  
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Abstract 
 
A CFD (Computational Fluid Dynamics) code has been used to provide boundary condition data for the HVAC 
(Heating, Ventilation and Air Condition) system simulation models in order to study the energy budgets and 
predict the performance of air-conditioning systems. Different models were validated through extensive wind 
tunnel experiments assessing their performance modelling thermal influences. The selected code from this 
validation was further used to predict flow and temperature fields for a typical summer day within model geometry 
based on part of Lisbon city. The climatic data from the non-hydrostatic meso-scale model MM5 were used as 
input boundary conditions for this study.  
 
Key words:  thermal effects, CFD code validation, micro-scale dynamics; 
 
 
1. INTRODUCTION  
 
The heating and cooling requirements of buildings are strongly associated with the micro-climatic conditions that 
develop within their vicinity, in particular influences due to direct solar radiation. It is therefore important to 
understand the thermal convection around a building and its influence on local air patterns in order that the 
efficiency of air-conditioning systems maybe comprehensively assessed. The present study was carried out within 
the ATREUS network (http://aix.meng.auth.gr/atreus). One of the project’s goals was concerned with evaluation of 
the wind field around buildings under the influences of thermal effects due to solar radiation. The aim of this work 
was to demonstrate the ability of applying a methodology to improve results of HVAC system simulation models 
taking into account the micro-climatic conditions in the urban environment, which have a strong influence on the 
heating and cooling requirements of the building. This approach using micro-scale numerical models for further 
investigations into building environment and comfort has been shown.   
 
2. MODEL VALIDATION USING  WIND TUNNEL DATA  
 
The primary objective of the wind tunnel experiments was to provide data for the validation of micro-scale 
numerical models. A 1:100 scale single block building (a cube) has been built and set-up in the Stratified 
Boundary Layer Wind Tunnel at the Meteorology Institute of Hamburg University. This physical model was unique 
in that only one of its vertical faces was heated (the leeward face) in order to simulate the influence of solar 
radiation on one wall of an isolated building. The influence of thermal effects with respect to the mechanical flow 
around the building was modelled using the ratio of Grashof number to the square of Reynolds number (Gr/Re2). 
Low wind speed conditions (reference velocity Uref=0.546m/s) were employed in order to maximise thermal 
effects. An arrangement of sharp edged roughness elements and upstream vortex generators were used to 
simulate a turbulent atmospheric boundary layer approach flow. Reynolds number independence of the flow field 
around the model was assured. 
 
2.1. Isothermal case – results and discussion 
 
Different inflow conditions were applied in order to achieve best agreement with the experimental data. To begin 
with 4 models were compared for a uniform flow field using standard k-ε turbulent model (Hanjalic and Launder, 
1972). Due to unsatisfactory results in the horizontal plane, mainly in the velocity field, a different approach 
concerning the inflow was taken. A non-uniform inflow field was applied in order to reach the flow in-homogeneity, 
observed in the experiment. A linear interpolation was made between available data (at three different horizontal 
planes: y/H=-1.5; 0; 1.5 - the coordinate origin is located at the cube centre) for the longitudinal velocity 
component u and turbulent kinetic energy (TKE) fields at dimensionless location x/H=-4 (H is the cube size), 
where the initial boundary conditions were determined. The lateral component v and vertical velocity component 
w were equal to 0. Only CHENSI (Sini et al., 1996) and VADIS (Borrego et al., 2003) models were validated 
against non-uniform inflow conditions. Comparisons between vertical profiles of the velocity components (u, w) 
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and the turbulent kinetic energy at the cube centre plane were made at different locations. Some plots (fig.1) for 
measured and calculated longitudinal velocity components (u) and turbulent kinetic energies (TKE) are shown. 
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Figure 1. Comparison of vertical profiles of the longitudinal velocity component (u) and the turbulent kinetic energy 
(TKE) observed in the wind tunnel with those predicted numerically at different locations (cube centre plane) 

 
The agreement between numerical and experimental results was reasonable in terms of the longitudinal velocity, 
except downstream of the cube, where VADIS under-predicted the reattachment point while CHENSI over-
predicted the position of this point. At location x/H=1.5 close to the ground, CHENSI tended to produce a negative 
value for the u velocity component, while VADIS calculated a positive velocity, indicating the different positions of 
the predicted recirculation vortices. Both models over-produced turbulent kinetic energy in the impingement 
region (x/H=-0.625) and failed to predict the strong gradient on top of the obstacle (x/H=0). VADIS produced 
values for TKE in better agreement with experimental data near the reattachment point (x/H=1.5), but CHENSI 
gave better predictions close to the leeward cube face within the cavity zone (x/H=0.625).  

 
Table 1. Characteristic length-scales (at z/H=0.25) of the flow field 

Numerically produced Characteristic lengths 
CHENSI VADIS 

Experimentally 
measured 

Stagnation point Zs/H 0.8 0.8 0.7 
Reattachment length XR/H 1.89 1.23 1.34 

Separation length XS/H -0.77 -0.53 -0.75 
 
Table 1 summarizes important characteristics of the flow field around the obstacle as predicted by the numerical 
codes and derived from the measurements for this case. Both models predicted a higher value for the height of 
the stagnation point (where the oncoming flow approaches the windward side of the obstacle and separates). 
CHENSI overestimates the reattachment length while VADIS conversely under predicts the measured value. 
CHENSI made a better estimate of the upwind vortex length than VADIS. 
 
2.2. Thermal case – results and discussion 
 
When the non-dimensional number Gr/Re2 takes on values of about 1, the  motion is induced by both thermal and 
mechanical effects whereas for Gr/Re2 clearly larger than 1 thermal effects are dominant. Different values were 
selected in order to assess the influence of thermal effects. Simulations were performed considering the thermal 
conditions Gr/Re2 ≈ 0.9 and Gr/Re2 ≈ 1.6, as was done in the corresponding experiments. Comparisons of the 
non-dimensioned temperature (T/Tref) observed in the wind tunnel with those predicted by CHENSI and VADIS 
are presented in Figure 2. Vertical profiles at different locations at planes y/H=0 and y/H=0.5 have been 
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compared. Only profiles determined at the cube centre plane for Gr/Re2 ≈ 1.6 are presented here. Looking at the 
profiles of the temperature fields produced by both CHENSI and VADIS, a significant difference is seen especially 
close to the heated wall. VADIS predicts a too high temperature close to the heated cube face (x/H=0.55), but 
gave better results in the wake of the cube (x/H=0.625). A tendency for exaggerated buoyancy effects can be 
seen in the vertical profiles and disagreement with the experimental data was registered above cube height. 

 

  

 
Figure 2. Vertical profiles of non-dimensioned temperature (T/Tref ) at cube centre plane 

 
3. CFD MODELLING OF THE THERMAL EFFECTS – “LISBON CASE”  
 
The main goal of this work was to provide more realistic input for the HVAC system simulation models in the case 
of urban environment, because the available data from airports, which have always been used in the past, are not 
adequate for the urban scenario. The CFD code CHENSI has been used to predict the flow field (including effects 
due to solar radiation) within a complex array of buildings with a model geometry based on part of Lisbon city. The 
domain was chosen included groups of 26 obstacles with a uniform height of 15m. Different street canyons 
aspects are presented in this area. This is important factor from a CFD point of view, because they interact to 
modify the flow together with the heated wall regime according to the wind direction i.e. leeward or windward. The 
domain orientation is +16° with respect to north. T he climatic data from the non-hydrostatic meso-scale model 
MM5 (http://www.mmm.ucar.edu/mm5) were used as input boundary conditions (consist of the mean wind 
velocity, turbulent kinetic energy and temperature profiles at 1am, 8am, 3pm and 10pm on the 9th of July 2000). 
An extreme thermal condition was used at 2pm for the same day. This day was chosen to represent a typical day 
during the summer in Lisbon at times refer to different wall heating and cooling conditions. The wall boundary 
conditions concerning the temperature distributions have been obtained by the HVAC system simulation model, 
using the same inlet conditions provided by MM5. The calculated temperatures of the building’s walls and roof 
have been applied to all buildings within calculation domain.  
 
Vertical profiles for velocity, turbulent kinetic energy and temperature for different hours during the 9th of July are 
presented in the figures 3-4. The inflow velocity field (fig. 3) did not change significantly during 9th July (except 
10pm). A strong velocity (about 10m/s) with little variation in the wind direction (between 340° and 35 0°) 
characterized the meteorological conditions. The vertical profiles for horizontal ( 22 vuc += ) and vertical velocity, 
turbulent kinetic energy and temperature at different times during the 9th of July (fig. 4) have been extracted at the 
centre of the narrow street canyon with aspect ratio W/H=1 (where W is width of canyon, H - mean building 
height) between chosen buildings nested within calculation domain. These vertical profiles have been used further 
as new inlet conditions for HVAC system simulation model, in order to take into account the micro scale urban 
effects. The value of the horizontal velocity is reduced within the street canyon cavity on the contrary to the 
vertical velocity, where the maximum is appeared at the building roof. The value of turbulent kinetic energy is 
decreased within the cavity zone and a maximum has been predicted by CHENSI at about two times building 
height. The vertical profile produced by MM5 shows turbulent kinetic to steadily increase with height in contrast. 
The temperature profile is changed within the street canyon, increasing with about 6 degrees by CHENSI 
predictions in comparison with the uniform profile provided by MM5 at time with strong solar radiation (2pm, 3pm). 
Local maximum is appeared within the canyon cavity and strong gradient can be seen near the top of the 
buildings (especially at 2pm, 3pm and 10pm). The vertical profiles provided by CFD code CHENSI show a 
significant influence of the thermal effects with an increase in the flow field in-homogeneity in comparison with the 
profiles produced by MM5 meso-scale model. The difference between the temperature profiles within the lowest 
levels was due mainly to thermal effects, produced by direct solar heating of the street sides and the ground 
during the day or due to night cooling. Because of the reduced turbulence and lower wind speed within the street 
canyon cavity in comparison with inflow profiles, the different wall heating increased significantly the temperature 
within the street canyon, particularly at 2pm and 3pm, when the temperature difference between heated surface 
and ambient air was considerable (approximately 40°C temperature difference between the roof and ambient air 
was calculated by HVAC system simulation model). 
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Figure 3. Inlet profiles produced by non-hydrostatic meso-scale model MM5 at different hours 
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Figure 4. Numerically produced profiles which take into account the local urban effects at different hours 

 
4. CONCLUSIONS 
 
CHENSI was the better of the two CFD codes in replicating the experimental results, probably due to the model 
having already been used widely in problems involving heat transfer, while VADIS has not had much usage in 
these types of problems and therefore needs more testing and development in terms of the thermal wall functions. 
The standard wall function, used in the models, provides a good shape for the temperature profile, but 
overestimates the magnitude close to the heated wall. This type of wall function based on heated flux has been 
validated only for thick thermal boundary layers (Levi-Alvares, 1991), but sometimes for such thin thermal 
boundary layer, as used in this case, it can be inadequate because of limitation in grid resolution. For this reason 
a new wall thermal boundary condition was tested and it predicted approximately two times less value for the 
heated flux for both thermal cases (Gr/Re2 ≈ 0.9 and Gr/Re2 ≈ 1.6). CHENSI predicted adequately the 
temperature profiles using the newly derived wall thermal boundary conditions. The disagreement close to the 
lateral cube face and top of the obstacle is due mainly to heat losses during the experiment. The same 
temperature value of the heated wall has been prescribed in the numerical simulations, while only drop in the 
centre of the surface has been achieved this temperature in the experiment. The disagreement with experimental 
data occurred within the cavity zone and the reason for this is that the model overestimates the leeward vortex 
because of turbulent model used. The implementation of a better turbulent model into the code is expected in the 
future. The approach using micro-scale numerical models to aid further investigations into building environment 
and comfort has been shown. However the problem with high CPU time requirements of the CFD models is a 
restriction and limits the methodology to only special cases rather than for general purposes.   
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ANALYSES OF IMPACTS OF WEATHER AND CLIMATE ON BUILD ING ENERGY 
PERFORMANCE 

WITH SPECIAL REGARD TO URBAN CLIMATE CHARACTERISTIC S. 
Roger Taesler*, Cari Andersson*, Margitta Nord*, Lena Gollvik* 

Swedish Meteorological and Hydrological Institute (SMHI), Norrköping, Sweden1 
 
Abstract 
 
Building and atmospheric physics are integrated in a model (ENLOSS) of energy transfer in buildings aiming at 
studies of impacts of weather and climate on the building energy balance. The model is driven either by synoptic 
observations or forecasts modified to represent building site conditions. Studies on building energy performance 
range from national to regional, local / urban and micro scales and from decadal to instantaneous temporal 
scales. Operational control of heating power by means of a forecasted ´Equivalent Temperature´ results in 10 – 
15  % annual energy savings. ENLOSS-applications are part of customer-oriented services offered by the SMHI. 
 
  
Key words:  urban climate, building energy balance, energy efficiency 
 
1.  Introduction 
 
The building sector is responsible for more than 40 % of end use of energy in the EU. Most of this energy is used 
for indoor climate control. The urgency of improving energy efficiency in building is reflected by the EU-directive 
(2002/91 EG) on energy declarations for individual buildings. In Sweden heating and cooling of buildings account 
for 140 TWh/year or approximately 1/3 of the national end use of energy and corresponding, direct CO2 emissions 
from fossil fuels amount to 11.5 Mt per year. 
 
The atmospheric boundary layer in general and the urban atmosphere in particular are fields of common interest 
to atmospheric and building sciences though viewed from different perspectives. Whereas urban climatologists 
generally focus on impacts of buildings on the urban atmosphere the interest of building scientists is the opposite.  
The work presented here combines both perspectives with a focus on optimising the energy performance of build-
ings by improved utilization of climate data and synoptic weather forecasts.  
 
A model (ENLOSS, developed at the SMHI) is used for simulation of impacts of weather and climate on the build-
ing heat balance (Taesler, Andersson, Nord 2006). Simulations take into account building construction character-
istics, use of building, occupants´ needs and mode of operation of the indoor climate control system, all of which 
influence the building energy balance. The model is driven by observed or forecasted hourly data on synoptic 
scale meteorological conditions modified to take into account local / urban and micro scale effects on wind, solar 
radiation and air temperature.  
 
 
2.   The ENLOSS model 
  
The instantaneous heating or cooling power (qN) required to balance heat losses and ´free gains´ while maintain-
ing constant indoor temperature (TI) and assuming stationary conditions, is  
 
qN = qC + qV + qF + g – e - p –sN  (W/m2)                                            (1) 
 
qC is conductive heat loss through the building envelope,                                       qC = ue ∆TI-O                       (2) 
 
∆TI-O is indoor-outdoor temperature difference (Ti  - To). The external heat transfer coefficient ue depends mainly 
on insulation standard but is also affected by wind speed and long wave radiation.  
 
qV is heat loss by natural ventilation (i.e. air infiltration / exfiltration)                       qV = n(∆PI-O)∆TI-OVρ c       (3) 
 
n(∆PI-O), number of air volume exchanges per hour (ach-1), is a function of indoor-outdoor pressure difference 
(∆P)I-O resulting from temperature difference ∆TI-O and wind pressures Pdyn over the building envelope Pdyn is cal-
culated from the squared local wind speed at roof level (UO) multiplied by pressure coefficients for façades and 
roofs differentiated according to angle of wind attack and building shape (AIVC 1984, Wirén 1985). 
V (volume, m3), ρ (density, kg m-3), c (specific heat, kJ kg-1K-1) refer to the heated indoor air. 
 
 n(∆P) is calculated iteratively for each combination of wind speed, angle of wind attack and ∆TI-O (Taesler, 1986). 

                                                 
*) Swedish Meteorological and Hydrological Institute (SMHI), Folkborgsvägen 1, 601 76 Norrköping, Sweden 
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qF is heat loss by mechanical ventilation               qF = nVρc ∆TI-O(1-ηh)           (4) 
 
n is the number of air exchanges per hour (ach-1), V (volume, m3). 
ρ (density, kg m-3), c (specific heat, kJ kg-1K-1) refer to the heated indoor air. 
ηh is heat recovery efficiency of the exhaust ventilation. 
                                                    
g is heat loss to the ground , estimated as proportional to the annual mean ∆TI-O,   g = uG∆TI-O                     (5) 
 
e and p are internal gains from occupants (p) and use of electric appliances (e), estimated from available data on 
occupancy and use of electricity in different building types. 
 
sN, net passive solar gain is calculated from solar irradiation entering through windows on each building façade  
(Taesler & Andersson 1984), accounting also for local screening by surrounding objects. Solar radiation absorbed 
by exterior walls and roofs is of minor importance in the heat balance. 
 
The incident radiation frequently produces a surplus in the heat balance, cf. table 1. In eq. (1) sN therefore repre-
sents solar gain that can be accommodated within a balanced heat budget, keeping TI constant.  
 
The single components of eq. (1) demonstrate the influence of climate in general and urban climate in particular 
on the building energy budget. Outdoor air temperature,TO, enters linearly in qC, qV , qF and plays a dominant role 
for the total heat loss. Each of these terms is affected by the diurnal and seasonal variation in Urban Heat Island 
intensity ∆TU-R. The average ∆TU-R for the heating season in medium size Swedish cities is approximately +1OC. 
This corresponds to a 5 % reduction in annual heating requirements. High values of ∆TU-R tend to coincide with 
extremely cold weather. Thus ∆TU-R reduces minimum design temperatures and optimises design heating power. 
 
TO also enters together with wind speed in a non-linear way in the calculation of (∆P)I-O and, hence, of qV, eq. (3).  
Losses due to natural ventilation increase rapidly at wind speeds exceeding approximately 3 m/s and become 
comparable in residential buildings to losses due to mechanical ventilation (0.5 ach-1) at wind speed above 5 m/s. 
 
qV and sN are strongly influenced by local and micro-scale site conditions. Figure 1 shows calculated monthly 
means QV and SN for one year referring to two standardized sites, one completely open to wind and solar irradia-
tion and the other representing a typical, sheltered residential area. The effect of different exposure on QV and SN 
is considerable but is also seen that the changes tend to cancel each other. The result however indicates a poten-
tial in urban planning for improvement of energy efficiency by analyzes of exposure to wind and solar radiation.   
 
Table 1 shows 30-year average totals, calculated from hourly synoptic data, on QN, QC, QV, QF, G, EP, SN and 
also the total solar gain through windows, Stotal. The free gains (SN+E+P) reduce the annual total heat loss 
(Qc+Qv+QF+G) by 29 %. The heating season, i.e. when QN>0, begins in September and ends in May. During Sep-
tember – January Stotal equals SN, which, under condition of constant Ti (eq. 1,) means that all of Stotal is useful for 
heating. It is also seen that Stotal exceeds SN by approximately 15 % of the annual net heat requirement (QN).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1 Solar gains and natural ventilation 
heat losses (kWh/m2, day) open and shel-
tered sites, multistory residential building. 

Month    QN       QC    QV    QF     G E+P SN Stotal 

Jan. 0,53 0,19 0,12 0,26 0,01 0,06 0,01 0,01 
Feb. 0,53 0,19 0,12 0,26 0,01 0,06 0,01 0,02 
March 0,44 0,17 0,09 0,23 0,02 0,06 0,02 0,07 
Apr. 0,32 0,14 0,07 0,18 0,04 0,06 0,04 0,11 
May 0,15 0,09 0,04 0,12 0,07 0,06 0,07 0,15 
June 0,03 0,05 0,02 0,07 0,09 0,06 0,09 0,17 
July 0,01 0,04 0,02 0,05 0,07 0,06 0,07 0,16 
Aug. 0,02 0,05 0,02 0,06 0,08 0,06 0,08 0,12 
Sep. 0,12 0,08 0,04 0,11 0,08 0,06 0,08 0,08 
Oct 0,26 0,11 0,06 0,15 0,03 0,06 0,03 0,03 
Nov. 0,40 0,15 0,08 0,20 0,01 0,06 0,01 0,01 
Dec. 0,49 0,18 0,10 0,24 0,00 0,06 0,00 0,00 
Year 0,27 0,12 0,06 0,16 0,04 0,06 0,04 0,08 

 
Table 1. 30 year averages (kWh/m2, day) of heat budget com-
ponents for residential building in Stockholm.     
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3.   A case study of urban and local climate impact s on the building energy budget  
 
An early version of ENLOSS was used to study impacts of simulated local variations in temperature and wind on 
annual heat losses of a modern Swedish single-family house (Taesler 1989). Simulations were performed for 25 
sites with different exposure to wind using 24 years of hourly synoptic data from an airport in S. Sweden. Wind 
exposure related to town plan and building orientation was established by mapping of surface roughness zO (fig. 
2). Figure 3 shows calculated heat losses versus wind direction of buildings oriented E-W (left panel) and N-S 
(right panel) respectively as a percentage of total annual loss for an open site in level terrain (thin, outer curve) 
and for the site in fig. 2 (thick, inner curve). The results show effects both of the general wind climate during the 
heating season, dominated by W and E winds, and of local wind shelter from surrounding buildings. The effect of 
shelter is a 19 % reduction of annual heat loss for E-W and 16 % for N-S orientation.  

Figure 2. Detailed map of surface roughness                    Figure 3. Percentage of annual heat loss vs. 
around building site close to the coast.                    wind direction, buildings oriented N-S and E-W.   
 
4.  The ´ Equivalent temperature´ (T e) 
 
Equivalent temperature is a concept in building physics combining the effects of solar and long wave radiation, 
convective and latent heat transfer at building surfaces (Hagentoft, 2001). The equivalent temperature used in the 
present context basically serves the same purpose but is defined and calculated somewhat differently, cf. below.  
 
Heating of buildings is usually controlled in response only to the outdoor air temperature, TO. As a consequence 
indoor temperatures often deviate considerably from the set point value (typically + 21 OC). Temperatures below 
this value, often occurring during periods of cyclonic weather with wind, rain and weak solar radiation, cause 
complaints from occupants and, ultimately, upward adjustment of the control curve. Overheating due to excessive 
free gains on the other hand requires cooling or increased ventilation even at low outdoor temperatures. It is quite 
common to find heating and cooling systems operating simultaneously.   
 
An Equivalent Temperature (Te) is defined here by postulating that qN, as defined by eq. (1) can be expressed as 
 
qn = ke ∆Te                         (6) 
 
where ∆Te = (Ti – Te) and ke  is a building characteristic equivalent heat transfer coefficient. 
Eq. (6) implies that heating power can be controlled by a linear function in real time operation of a heating system. 
 
Physical reasoning leads to an explicit expression for qN as a function of TO, UO, sN, g,e and p  
 
qN = (A + B UO

2)(∆T)I-O + g – sN – e - p                        (7) 
 
The final expression for Te becomes (Taesler et al., 2006). 
 
Te =  TO – 1/A (B UO

2 ( ∆T)I-O + g – sN – e– p)                         (8) 
 
The coefficients A (= ke) and B are determined by regression analysis of qN versus heat losses calculated accord-
ing to eq. (2 - 4), all heat flows being expressed as W/m2 of heated area. This is done for individual buildings or 
for standardized cases defined by building characteristics (type, use, mode of operation) and exposure. 
  
 
5. Forecast control of heating and cooling systems  
 
Heat storage in the building structure delays impacts of weather changes on indoor temperature. To represent the 
effect of non-stationary conditions on the heat balance a storage term (∆) is included in eq. (1). 
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 q´
N = qC + qV + qF + g – e - p –sN + ∆  (W/m2)                                  (9) 

 
Eq. (9) provides a basis for optimizing heating and cooling by deliberate, controlled offsetting of the instantaneous 
heat balance (eq.1) while allowing TI to deviate somewhat from the set point value. By changing heating power 
from qN to q´N heat is drawn from or fed into the storage. This is achieved by using forecasted data on Te, filtered 
by the time constant of the building, instead of TO as input to the heating control system.  
 
During calm and sunny days Te considerably exceeds TO, permitting significant reductions of heating power. The 
opposite applies to windy and cloudy days. At times when Te exceeds the set point (+21OC) – which can occur 
even during winter – heating can be turned off, thus reducing overheating and the need for cooling during the day.  
 
During the heating season the excess of Stotal over SN (Table 1) is approximately 6 % of the annual net heat re-
quirement (QN). This additional heat is also accessible by forecast control of heating.  
 
The ENLOSS model produces daily forecasts of Te on the basis of the regular weather forecasts of SMHI for a  
range of building types and site exposures. The forecasts are distributed automatically to heating control units of 
individual buildings where they replace the input signal generated by outdoor temperature sensors. 
 
Te -forecast control of heating systems (patent pending, WeatherSync ®) is in operational use since 1999 in a 
large number of buildings in Sweden and is also introduced in some neighbouring countries. Results show energy 
savings typically around 10 – 15 kWh/m2,yr, approximately equal also to 10 – 15 % of the annual total heat re-
quirement. This corresponds approximately to 50 % of the available “free gains” during the heating season. 
 
6   Monitoring of building energy use 
 
Energy use in buildings is monitored to discover malfunctions of heating system. For many years heating degree-
days (HDD) have been used to normalize statistics on energy use. HDD however only reflect variations in tem-
perature and do not permit distinctions between buildings with different response to weather. This rather coarse 
method has been questioned repeatedly but since it is simple and easy to apply it is still widely used.  
 
An alternative method for normalizing statistics on energy use is based on the equivalent temperature.  Equivalent 
heating degree-days are calculated on a monthly and annual basis in analogy with traditional HDD. An ´Energy-
Index´ (EI) is defined as the ratio between actual and normal equivalent degree-days. Monthly EI-statistics are 
produced as approximate averages for cities all over Sweden on a regular basis and also for different building 
types. EI-normalization is used by the Swedish Environmental Protection Agency in annual reports to the 
UNFCCC on Swedish CO2-emissions and is expected to be implemented in Sweden – together with other meth-
ods – also in connexion with energy declarations of buildings according to the recent EU-directive.  
 
7. Summary and conclusions 
 
Quantitative analyses of the building heat balance demonstrate possibilities for important improvements of 
building energy efficiency and management. 
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ARE HEAT WAVES INCREASING THEIR FREQUENCY IN MEXICO  CITY? 
Ernesto Jauregui 

Center of Atmospheric Sciences, National University of Mexico. 
 
 
 
Abstract 
 
The warming of urban air has been documented to increase in intensity and area as cities grow (Oke, 1982). As 
the cities grow the so called “heat island” tends to aggravate the risk of more frequent heat waves as well as their 
impacts (IPCC, 2001). Threshold values to define a heat wave vary geographically. For the case of Mexico City 
located in an high (2250 masl) inland valley in the tropics values above 30ºC (daily maximum observed for three 
or more consecutive days and 25ºC or more as mean temperature have been adopted to define the phenomenon. 
These events occur at the end of the dry season during March to May when afternoon relative humidity is quite 
low (~20%) and thus reducing the stress. Maximum temperature data from the Observatory of the National 
Meteorological Service were used. Results show that during the second half of the XXth century the frequency of 
heat waves as defined above has doubled from 6 events/decade to 16/decade in the 1990’s with a marked 
increase in the last third of the last century when population of the city grew from 8.5 to 18.5 million (CONAPO, 
2000). During this time the average heat island intensity grew considerably (from about 6ºC to 10 ºC (Jauregui, 
1986). While these heat waves may be considered as “mild” they receive attention from the media and prompt 
actions by the population to relieve the heat stress. Application of heat indices based on the human energy 
balance (PET and PMV) result in moderate to strong heat stress during these events. Because climate change is 
expected to raise night-time minimum temperatures more than daytime highs (as suggested by the IPCC, 2001) 
urban heat islands and their related heat waves are likely to be a significant health concern in days to come in 
large urban centers especially in the developing countries. 
 
Key words: heat waves, heat island, Tropics. 
 
1. INTRODUCTION 
 
The warming of the urban atmosphere is a universal phenomenon that has been shown to increase in intensity 
and extent as cities grow (Oke, 1982). As noted by Oke (1993) the observed changes in the thermal climate of 
cities (or heat island effect) have to be intimately linked to global climate change. The combined global/local 
climate change will have diverse impacts on human health –most of them on the negative side. Changes in the 
frequency of extreme heat together with local air pollution, a common case in large cities of the developing world, 
would affect population health disorders. Since the impact of these events is multifactorial it is rarely correctly 
reported. 
If heat waves increase in frequency, as is the case in this paper, the risk of death and serious illness is likely to 
increase mainly in older age groups and especially in the urban poor who constitute a large sector of the 
population in Mexico City. While the greatest increase in thermal stress is expected for mid-latitude cities, thermal 
stress mortality in cities located in the tropics may be also significant. However, there has been little research in 
such populations. 
In this paper, after a characterization of a heat wave is proposed, a climatology of such events occurring in a large 
urban area located in the tropics is made. 
 
2. THE DATA 
 
Daily maximum temperature series registered at the Tacubaya Observatory located to the west of downtown were 
used for period 1877-2000. Another climatological data series from a station situated in the old central quarters 
(School of Mines) were used for period 1995-2004. (See Figure 1 for location). 
1 

                                            
Centro de Ciencias de la Atmósfera. Universidad Nacional Autónoma de México. Circuito Exterior, Cd. 
Universitaria. C.P. 04510, México D.F. 
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Figure 1. The urban heat island in Mexico City on May 5, 2003 at 16:00 hr (ºC) at the peak of a heat wave. 
 
3. THE CLIMATE AND METHOD 
 
Mexico City is located in the tropics (~19º 30’ N) in an elevated (2250 masl) inland valley. The climate is 
subhumid tropical tempered by altitude. Typical anticyclonic weather prevailing during the dry period (Nov.-Apr.) 
contributes to frequent surface inversions. Dust storms and warm temperatures characterize de climate during 
March to May when relative humidity is markedly low allowing relatively free perspiration. 
Threshold values to define a heat wave vary geographically. The definition of a heat wave adopted by WMO is a 
3-or-more-day hot spell of 32.2ºC (90ºF) or higher. For the Mexico City case this definition was not suitable 
because it occurs too infrequently in the maximum temperature series. From the author’s experience the 
population begins to take actions to relieve the heat stress when the thermometer reaches 30ºC. Therefore, 
temperature values above 30ºC observed for three or more days and a mean daily temperature equal or greater 
than 24ºC have been adopted to define the phenomenon. 
This proposal is identical to the one adopted by the Atmospheric Environment Service for Toronto, Canada 
(Lewis, 1993) having both definitions the limitation of not taking directly into account the effect of humidity in 
determining the heat stress produced by a heat wave. 
Not withstanding the above mentioned limitation, heat waves so defined are likely to produce a considerable heat 
stress (as measured by widely applied bioclimatic comfort indices) in Mexico City, as will be shown in this paper. 
 
4. RESULTS 
 

a) Frequency and duration of heat waves. 
Table 1 shows that heat waves are more frequent during April-May, while they mostly lasted from 3 to 6 days. 
(Table 2). 
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Table 1. Frequency of heat waves in Mexico 
city for period 1880-2005. 
 

 Number of events 
March 8 
April 37 
May 38 
June 5 

Table 2. Duration of heat waves. Period 1880-
2005. 
 

Consecutive days  
3 to 6 72 

7 to 10 11 
> 10 5 

 
b) Long-term trend of heat waves. 
Figure 2 shows that the decadal frequency of heat waves in Mexico City displays a marked increase 
particularly during the second half of the 20th century when the capital city experienced an accelerated 
growth.  
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Figure 2. Frequency of heat spells (temperature > 30ºC during 3 or more consecutive days) in Mexico City for 
period 1877-2000. 
 
c) Geographical extent covered by the heat island during a heat wave. 

Figure 1 shows the maximum temperatures observed at 4 pm during the May 5th event in year 2003. 
Isotherms are drawn using the air quality monitoring network operated by the city’s Environmental 
Agency. 

d) Some case studies to illustrate the characteristics and impact of heat waves on the population. 
In order to evaluate the degree of stress related to hot spells in Mexico City two widely applied indices 
based on the human energy balance were applied: Fanger’s PMV and the physiological equivalent 
temperature or PET proposed by Hoeppe (1999). Personal variables were adapted to local conditions. 
 

Table 3 describes the characteristics of two typical recent heat waves as observed from the station School of 
Mines located close to the heat island chore. While maximum temperatures remain around 30 to 32ºC, the air 
very dry and wind light, the thermal perception according to PET and PMV comfort indices varies from warm 
to hot leading to moderate to strong heat stress during most events. 

 
Table 3. Bioclimatic conditions in two recent cases of heat waves observed in central downtown, Mexico City. 
 

Date 
1998 

Hr. T ºC R.H. 
% 

Wind 
(m/s) 

PMV PET 
ºC 

Thermal 
perception 

Grade of 
physiological stress 

4/05 16 30.7 13 2.0 2.7 35.6 Hot Strong heat stress 
5/05 17 31.4 13 2.5 2.3 31.8 Warm Moderate heat stress 
6/0/ 17 32.4 12 2.0 2.6 33.8 Hot Strong heat stress 
7/05 17 32.6 15 1.1 2.8 35.6 Hot Strong heat stress 
8/0/ 16 32.8 18 3.0 3.3 38.1 Hot Strong heat stress 

9/05/ 17 33.7 13 2.5 3.0 35.7 Hot Strong heat stress 
10/05 15 32.4 18 1.7 3.7 41.5 Very hot Extreme heat stress 
11/05 14 31.4 18 1.7 3.5 40.4 Hot Strong heat stress 
12/05 14 30.7 21 1.7 3.4 39.6 Hot Strong heat stress 
13/05 16 31.7 14 3.0 2.9 36.0 Hot Strong heat stress 
14/05 15 31 18 3.0 3.0 37.0 Hot Strong heat stress 
15/05 17 31.3 12 2.1 2.3 32.2 Warm Moderate heat stress 
16/05 16 30.1 14 1.6 2.7 35.8 Hot Strong heat stress 
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Date 
2003 

Hr. T ºC R.H. 
% 

Wind 
(m/s) 

PMV PET 
ºC 

Thermal 
perception 

Grade of 
physiological stress 

2/05 17 30.3 11 2.4 1.9 29.8 warm Moderate heat stress 
3/05 16 30.5 12 2.2 2.6 34.7 hot Strong heat stress 
4/05 17 30.5 11 2.1 2.0 30.5 warm Moderate heat stress 
5/05 17 32.2 9 1.8 2.5 33.1 warm Moderate heat stress 
6/05 16 31.0 13 2.3 2.8 35.5 hot Strong heat stress 
7/05 17 31.5 11 2.1 2.3 32.2 warm Moderate heat stress 
8/05 16 30.3 16 2.3 2.6 34.8 hot Strong heat stress 
9/05 15 30.7 15 2.4 3.0 37.1 hot Strong heat stress 

 
5. CONCLUDING REMARKS.  
 
Warm weather occurs in Mexico City in the last months of the dry season. In order to characterize the heat spells, 
a definition of a heat wave has been adopted as a period of three or more consecutive days with a maximum 
temperature greater than or equal to 30ºC and a mean temperature >24ºC. This definition is similar to the one 
developed by Lewis (1993) although applied to a location having quite a different climate. Using the above 
definition a considerable large number of heat waves were identified to occur in the century long temperature 
series available. Decadal analysis of heat spells indicate that these events increased from 6/decade in the 1950’s 
to 16/decade in the 1990’s. The longest (15 day long) heat spell event was observed in the El Niño year of 1998 
(Table 3) which was globally the warmest year of the 1990’s decade (WMO, 1999). While these events may be 
considered as mild (maximum temperatures do not reach beyond 35ºC in dry air) moderate to strong 
physiological heat stress, result when applying universal comfort indices (eg. PET, PMV) to the heat wave data. It 
is suggested that the observed change in the frequency of this heat spells is linked to increasing urbanization, the 
quasi-periodic ENSO phenomenon and to global climate change. 
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ABSTRACT 
 
Studies of the impact of meteorological conditions on heat-related morbidity have been limited. The aim of this study 
is to quantify  the relationship between daily hospital admissions and the associated synoptic weather patterns during 
the warmest 6 months (October-March) over a 9-year period (1993-2001) in Sydney, Australia. This synoptic 
classification has been produced using multivariate statistical techniques including principal component and cluster 
analysis, to assign days into meteorologically homogenous categories. Surface and upper air meteorological data 
were used as input into the statistical analyses. A synoptic climatology of daily hospital admissions was generated. 
Increased admissions due to ”effects of heat and light diseases” and respiratory diseases (all-causes and age group 
65 and over) (ICD-10,T67 and J00-J99, respectively) were found in synoptic categories associated with high 
temperatures. 
 
Keywords:  heat-related, morbidity, hospital admissions, synoptic climatology, principal component analysis, cluster 
analysis. 
 
1. INTRODUCTION 
 
Increased intensity, frequency and duration of extreme heat events have been predicted with changing climate 
(IPCC, 2001). This may contribute to an increase in heat-related morbidity and mortality (WHO, 2003). Most time-
series studies of heat-related impact on public health to date have used mortality as the dependent variable. High 
temperatures are common in Australia; heat waves have been historically present and caused excess heat-related 
deaths (Andrews, 1994) and hospital admissions (Faunt et al., 1995, Bi and Walker, 2001). A time series study 
conducted by Guest et al. (1995) used synoptic analysis and nonlinear regressions to reveal the effect of various 
meteorological variables on mortality records of five major Australian cities, based on data from the 1980s. They 
concluded that these cities exhibit climate-attributable mortality and that the population aged 65 and over in Sydney 
and Adelaide can be expected to suffer an increase in climate-related deaths in 2030 climate change scenarios. The 
present study focuses on temperature-related morbidity in the Sydney metropolitan area in the 1990s, the warmest 
decade on record (Collins, 2000).  
 
2. DATA AND METHODS  
  
2.1. Data  
 
2.1.1. Hospital Admissions Data 
 
Hospital admissions were obtained from the NSW Health Department’s Inpatient Statistics Collection (ISC). Principal 
diagnoses were classified according to the ICD 10th version - Australian modification. Daily hospital admissions were 
aggregated for the Sydney Statistical Division (SD). Hospital admissions for respiratory diseases (ICD-10-AM, J00-
J99) and “effect of heat and light” diseases (ICD-10-AM, T67) were examined. The hospital admissions for respiratory 
diseases excluded influenza, and were divided into 0-64 and 65+ age groups. 
 
2.1.2. Population Data 
 
Population estimates (total population and population in the two age groups) of the Sydney SD for the year 1991, 
1996, 2001 and 2004 were acquired from the Australian Bureau of Statistics (ABS, 2005).  
 
2.1.3. Meteorological Data 
 
Surface and upper air meteorological data for Sydney were obtained from the Australian Bureau of Meteorology 
(BOM, 2002) (See Figure 2 for listing). 
 
2.2. Methods 
 
2.2.1. Hospital Admissions Data Adjustment Method 
 
The data was processed according to the following steps: 
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1) All the disease categories were adjusted for population growth. Daily estimates of population were calculated 
between the 1st of July, 1993 and the 30th June, 2004. Population was assumed to grow exponentially. Daily hospital 
admission rates were calculated for each disease category. 
  
Hospital admissions for respiratory diseases were further processed as follows: 
 
2) Age subcategories were age-standardized (Lilienfield and Lilienfield, 1980). 
 
3) Different days of the week did not show consistent long term trends; Monday-to-Friday admissions increased over 
the years, while admissions on Saturdays remained about the same, and on Sundays they decreased. A linear trend 
was fitted and removed from each day-of-week time series separately. 
 
4) Next, the adjustment for day of the week was calculated. For this purpose all days affected by holidays were 
identified and removed. The day-of-week adjustment indices were computed from the remaining data as follows:  
Idow = Mean value of all days of the week / Mean value of the specific day of the week.  
Each day in the complete time series (including the days affected by holidays) was multiplied by its corresponding 
Idow. 
 
5) Days in each 6-week school-holiday period (December-January) were indexed Xi (i=1, …, 41) for all 11 years. The 
resulting eleven periods were then aligned and the mean for each day of the period was calculated. Daily school 
holidays adjustment indices in this period were calculated as follows: 
Ish = Mean of all days of the week (calculated without holidays in step 4) / Mean of day Xi). 
Each day of the school-holiday period was then multiplied by its corresponding Ish.  
 
6) An adjustment for each individual holiday was calculated next. The means of the hospital admissions for each 
holiday (11 values for Labor Day, 11 values for Christmas Day, etc.) were calculated. The adjustment index for each 
holiday was found as follows: 
Ih = Mean of all days of the week (step 4) / Mean of the specific holiday day.  
The hospital admissions on each specific holiday were then multiplied by its corresponding Ih. The daily hospital 
admissions at this point were considered to be adjusted for long term trend, day-of-week, school-holiday period and 
holiday effects. 
 
7) Hospital admissions for Sydney’s warm half year October-March (inclusive) for the years 1993/94 – 2000/01 were 
extracted for the analysis. The first two weeks of each school period were then removed due to unstable variance. 
 
2.2.2. Synoptic Analysis  
 
A synoptic climatology of the six warmest months in Sydney was generated using multivariate statistical techniques, 
specifically principal component analysis and a two-stage cluster analysis. This was used to classify days into 
meteorologically consistent categories. Surface and upper air meteorological data for warm months (October–March) 
over a ten-year period (1992-2001) were used as input into the statistical analyses. Eleven synoptic categories were 
identified in Sydney during the warm season, and hospital admissions for two disease classifications were 
investigated within each. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Results 
 
The ”effects of heat and light” disease category exhibited an increase in admissions on Synoptic Category 3 days. 
Figure 1a shows the deviation from average hospital admissions over the entire study period for each synoptic 
category. Category 3 days are associated with anticyclones in the Tasman Sea (for a detailed description of the 
synoptic categories refer to Hart et al., 2006a), and are characterized by high daytime and nighttime temperatures 
(Figure 2). This disease category also showed an increase in admissions on Category 7 days, which are the hottest 
of all categories, but have lower humidity and lower nighttime temperatures than Category 3 days. 
 
Hospital admissions for respiratory diseases for ages 0-64 (not shown here) did not show an opressive synoptic 
category. A slight increase in admissions was experienced on Category 11 days, with a small diurnal temperature 
range and relatively warmer night. The lowest admissions occured in the Category 5 days, with middle range 
temperatures, low humidity and low cloud cover. Meteorological factors other than temperature may have an effect on 
hospital admissions in this age group. 
 
Hospital admissions for the respiratory 65+ age group were highest in Synoptic Category 7. These days are 
characterized by high daytime temperatures and a hot night before. This suggests a cumulative adverse effect on the 
population in this age group which is more likely to suffer from chronic respiratory diseases, and therefore finds it 
harder to cope with the increased load on the respiratory system. In Hart et al.’s (2006b) study, these days were also 
associated with enhanced concentrations of grass pollen, which could also be expected to increase respiratory 
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admissions. Other confounding factors, such as air pollution  may play a role in the increased admissions on Synoptic 
Category 7 days.  
 

   Total respiratory diseases (not shown here) displayed the largest increase in admissions in Category 7 days and   
increased admissions in Category 3 days.  Synoptic Category 11 had the second highest admissions, due to the 
combined effect of the two age groups. 
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           Figure 1a: Deviation from average hospital admissions in  
            each  synoptic  category for ”effects of heat and light” 
           diseases. 

          Figure 1b: same as Fig. 1a, for respiratory diseases ages    
          65+ 

 

 
                              Figure 2: Mean meteorological conditions associated with each synoptic category. 
 
 
 
3.2. Discussion 
 
• ”Effect of heat and light” admissions were found to be associated with high temperatures in Sydney. Humidity  combined 
with heat  seems to be a compounding factor. 
 
• Hospital admissions for respiratory diseases in the 65+ age group were largest on days with high temperature and low 
humidity, but confounding factors like allergies and air pollution might be involved in this association. 
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• Hart et al. (2006a) found elevated ozone surface concentrations on days of high temperatures in Sydney. An independent 
study of air pollution and mortality in Sydney (Morgan et al., 1998) found ozone to be correlated with temperature, and that 
ozone was associated with the heat effects on all-cause and cardiovascular mortalities, but not on respiratory cases. 

 
 
Limitations of this study: 
 
• The adjustment method used in this study is less than ideal. This resulted in small numbers of “overshooting” values in daily 
hospital admissions. These values were explicable but not completely corrected, and were therefore removed. Our next step is 
to apply a generalized linear model as an alternative approach to adjustment of this dataset. The results from the two 
techniques will be compared. 
 
• The lag between a day with higher than normal hospital admissions and the meteorological data affecting it has been found 
to be important in other studies (O’Neil at al., 2003). Incorporation of the cumulative effect of the days prior to the higher 
admissions could improve this study. This is being incorporated in our ongoing work. 
 
• The population of the Sydney Statistical Division was assumed to be non-fluctuating during all summer months. During the 
school-holiday period many people tend to leave the city while other holiday makers flow in, but data incorporating this 
population fluidity were not available. 
 
4. CONCLUSIONS 
 
The association between weather and acute non-fatal health effects on the population of the Sydney metropolitan area was 
investigated. We found that “effect of heat and light” diseases were correlated with high temperature and humidity in Sydney. 
Less humid, but hotter days were also found to be important, but to a lesser extent. Persons above age 64 with respiratory 
diseases were found to be especially vulnerable to hot and dry conditions. 
 
The results of this study are expected to contribute to the body of knowledge necessary to assist the NSW Health authorities in 
future mitigation efforts. 
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Abstract 
 
Urbanisation is an extreme form of land-use change, which affects the thermal, radiative and aerodynamic 
characteristics of the Earths surface. Recent studies suggest that increasing urbanisation may have an impact on 
mean atmospheric temperatures at a regional scale. However, such studies typically rely on statistical analysis of 
empirical data such as population trends or night light to parameterise urban form and results can often be 
dependent on the methods used to classify urban and rural areas. Thus it is very difficult to develop a process 
based understanding of the underlying causes of warming at a regional scale.  
The development of sophisticated urban canopy schemes to parameterise the effects of the urban surface in 
mesoscale models offers an alternative approach to studying this phenomenon. This paper describes the 
implementation of an urban canopy scheme in the mesoscale model METRAS (MEsoscale TRAnsport and 
Stream Model) and how the model will be used to investigate how changes in urban form through time (for 
example land surface area, roughness, heat storage capacity, etc.) relate to trends in climate observed in London, 
England and the surrounding region. The results of such a study will have important implications for our 
understanding of the impact of urbanisation on long term temperature records (often used to assess trends in 
global climate change) in urban and rural locations. 
 
Key words: urbanisation, mesoscale modelling, London 
 
1. INTRODUCTION  
 
Urban areas occupy only 0.05% of the Earth’s surface, but the Population Reference Bureau estimate that by 
2007 half the World’s population will live in cities. Urban areas have well documented effects on the environment, 
such as changes to the local winds, the urban heat island (the increased temperature of the urban surface or 
atmosphere compared to its rural surroundings), atmospheric air pollution and the precipitation changes. All these 
can have economic consequences as well as those on human health, as seen for example during the summer 
heat wave in Europe in 2003 (Johnson et al. 2005). As urban areas continue to expand, especially in the 
developing world, it is important to understand how increased urbanisation patterns might affect climate at a 
regional scale.  
Estimating urban effects is far from easy, since for most areas a comprehensive set of pre-urban measurements 
is not available, or is not appropriate for a current comparison. Often it is possible to compare data from an urban 
station with that from a rural one in the surrounding area. However it is also necessary to account for the effects 
of topography and other natural features, and to be certain that the rural station is not influenced by the urban 
area (for example if it is downwind of the city) and has not been excessively modified by human activity. Results 
can often be dependent on the methods used to classify urban and rural areas. Kalnay et al. (2003) estimate the 
urban effect by comparing trends in observed surface temperatures (sensitive to changes in land use) with trends 
derived from a reanalysis of global weather which should be insensitive to land use changes. Others studies 
attempt to estimate the urban effect using a modelling approach, but in order to do this it is necessary to 
parameterise the effects of the urban surface in the model, so that the city climate is correctly simulated. 
The aim of this work is to implement an urban canopy scheme in the mesoscale model METRAS. The urbanised 
model will be used to simulate the effects of urbanisation, and changes in urban form, on regional climate in the 
London area.  
 
2. METHODS 
 
2.1 Mesoscale modelling of the urban surface 
 
METRAS is a non-hydrostatic, anelastic and Boussinesq mesoscale atmospheric model developed by the 
University of Hamburg (Schlünzen 1990). The model uses prognostic equations to calculate wind, temperature, 
humidity and liquid water values, and diagnostic equations for pressure and density. METRAS is part of the M-
SYS model system developed for the assessment of air quality (Trukenmüller et al. 2004) and is unique in being 
part of the first model hierarchy that includes both mesoscale and microscale models based on essentially 
identical equations and code. Trukenmüller et al. (2004) show good agreement between simulated and measured 
meteorological data. 
The urban surface can be parameterized in mesoscale models in a number of ways. Masson (2006) presents a 
review of the recent developments in this field. Prior to the implementation of the urban canopy scheme in 
METRAS, the urban surface was represented by the roughness length approach (Schlünzen et al. 1996). The 
urban land class was characterized by appropriate values for the albedo, roughness length, thermal diffusivity and 
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conductivity, soil water availability, and saturation value. These coefficients were chosen to be representative of 
North European cities, with significant vegetated areas. It is expected that the representation of the urban area 
could be improved by the implementation of a specific urban canopy scheme.  
 

Type Albedo Thermal 
diffusivity 

m2s-1 

Thermal 
conductivity 

J (ksm)-1 

Soil water 
availability 

Saturation value 
for water 
content 

Roughness length m 

Urban 0.15 1.40 10-6 2.93 0.05 0.968 0.70 
Meadows 0.20 0.52 10-6 1.33 0.40 0.015 0.01 

 
Table 1: Surface characteristics for the urban and meadows land use classes (Schlünzen et al. 2003) 
 
The urban canopy model BEP (Building Energy Parameterisation) developed by Martilli et al. (2002) has been 
implemented into the mesoscale model. BEP is a multi-layer model which directly interacts with the atmospheric 
model, representing the impact of the urban surface on the momentum, heat and turbulent kinetic energy 
equations. BEP is described and validated in the following papers: Martilli et al (2002), Martilli (2002) and Roulet 
et al. (2005).  
BEP allows the city to be represented by up to ten urban classes, which are characterized by defining the 
averaged distribution of building heights, the average street direction, length and width and the radiation, 
roughness and building parameters. Whilst not all this data will be readily available for the city of London, this 
approach does allow us to resolve some of the complexity of the urban surface, and to study how changes in 
urban form have affected regional climate.  
 
To test the effect of BEP on METRAS the model has been run for a hypothetical flat domain (10 km x 10 km), with 
1 km horizontal resolution. The mesoscale vertical resolution is 10 m in the first 60 m, and is then stretched to 
1240 m at the top (10797 m). The urban subroutines are used on a distinct urban grid with 5 m vertical resolution 
and 14 vertical levels, and the results are interpolated back to the mesoscale grid. The urban subroutines use 
profiles of the horizontal wind and potential temperature, air pressure and air density, as well as the solar 
declination, hour angle, azimuthal angle, shortwave and downward longwave radiation calculated by METRAS. 
The meteorological initial conditions are set to a geostrophic wind from the west of 1.4 ms-1 and an initial stable 
thermal stratification equivalent to 3.5 K km-1 in potential temperature in the bottom 1000 m. The simulation is 
performed for 3 days, starting on the 5th July and the simulation starts at midnight. The latitude is 51.3°. 
The urban canopy scheme is used for the entire domain. Model runs were done with both the first (Urban1) and 
the second urban class (Urban2), and a mixture of both (Urban). The first urban class has the following 
distribution of building heights: 5% at 10 m, 10% at 15 m, 70% at 20 m, 10% at 25 m and 5% at 35 m. The second 
urban class has the following distribution: 60% at 5 m and 40% at 10 m. All other parameters are the same. 
Further runs could investigate the impact of the urban class parameters. 
For comparison the model is also run for the same domain and using the original representation of the urban 
surface (Orig). 
 
2.2 Urbanisation of London 
 
London, a major world urban centre, with 7.4 million inhabitants (~1579 km2) is the study area. Key 
environmental, social and economic impacts associated with climate change have been identified for the city 
(London Climate Change Partnership 2002), and no specific modelling have focused on London and regional 
climate change. 
The climate of London was first studied by Luke Howard at the start of the 19th century. He measured the urban 
heat island for London, and attributed it to anthropogenic heat emissions due to increased fuel burning in the 
urban area. In 1965 Chandler also observed that the London climate is profoundly modified by human activities, 
as well as measuring a difference in temperature of 4-6 °C between the city centre and rural surroundi ngs. 
The character of a city is a recognized determinant of regional climate (Chandler 1965). Characteristics which can 
affect urban climate are for example building height and density, the amount of surface covered by impervious 
surfaces, the presence of parks and green spaces, the type of construction materials used and the presence 
sources of anthropogenic heat such as traffic emissions and artificial heating/cooling (Chandler 1965). 
Chandler (1965) identifies an almost concentric pattern of development for London and distinct urban classes, 
with a central high density administrative, commercial and retail area, followed by a pre 1914 high density 
development, and finally an outer ring of post 1914 low density settlements. Significant green areas, such as the 
Royal Parks, can be identified in London, and these considerably benefit the local micro-climate, with 
temperatures up to 1-2 ºC cooler in the parks. The English Heritage estimate that green areas occupy up to 1/3 of 
the city area, therefore these need to be represented in the model domain. This will be done by representing them 
with the ‘meadows’ land use class already present in METRAS (see Table 1), and by using a tile approach to deal 
with the sub grid scale fluxes (Schlünzen et al. 2003). Land use data from the Centre for Ecology and Hydrology 
(CEH) Land Cover Map 2000 will be used.  
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Building heights data will need to be estimated for the different urban classes and the thermal and radiative 
coefficients will be chosen to be representative of the city.  
Past urbanisation scenarios will be estimated from sources such as Chandler (1965), the First Land Utilisation 
survey in the 1930s and Ordinance Survey maps. 
In the past 100 years the most significant changes to the city of London occurred during the Second World War, 
when large parts where destroyed during the Blitz. Rebuilding these areas has meant a range of architectural 
styles now form part of London’s character. Other changes in the past 100 years include the establishment of the 
Green Belt, in 1935 by the Greater London Regional Planning Committee. This has meant that most of the land 
use change in the past 50 years has been due to sub-urbanisation outside the Green Belt, with the development 
of commuter towns such as Milton Keynes, designated by Parliament in 1967 and located about 75 km North-
West of London. If the Green Belt policy had not been adopted it is estimated that by the 1980s the commuter belt 
would have become fully urbanized. The last census prior to the adoption of the Green Belt shows that London 
has lost more than 1 million inhabitants, whilst the local authorities on the outside of the Green Belt have gained 
more than 3 million.  
Other changes to London in the past 50 years have included the increase of tall buildings in the Croydon area 
(from the 60’s onwards), the regeneration of the docklands (70’s onwards), the expansion of airports, increased 
traffic loads, especially on the M25, and industrial change in the Thames corridor. These changes have however 
only affected a small area so might not have a noticeable effect on the regional climate.  
 
3. PRELIMINARY RESULTS 
 
BEP has been coupled with METRAS by the addition of the urban terms in the horizontal momentum equations. 
The urban scheme computes a drag term in the momentum equation which directly influences the vertical profiles 
of horizontal wind components up to 70m. Preliminary results show that as expected the urban scheme simulates 
the reduction in wind speed due to the presence of buildings up to this level.  
 
4. CONCLUSIONS AND OUTLOOK 
 
The next step will be to implement the thermal impact, and that on the turbulent kinetic energy, as well as 
optimizing the code. The full implementation of the model will allow a more detailed analysis of results. 
The model will then be set up to study the city of London, so that the effects of urbanisation and changes in urban 
form can be investigated. 
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Abstract 
 
In this work, the thermal environment of the city of Campinas, Brazil, is analyzed through the method of mobile 
transverse measurements, with a set of sensor mounted in a vehicle. The objective of the work is to obtain the 
horizontal temperature distribution with different configurations and land use. The method of mobile transverse 
measurements was adopted for this research, since the characterization of the thermal field can be achieved at a 
low cost and a larger density of points.  The measurements points were located along a route of 20 km covering 
the whole study area. Starting from the collected data, correlation studies were accomplished between air 
temperatures and the urban structure.  
 
 
Key words:  urban climate; thermal comfort; mobile transverse method 
 
1. INTRODUCTION 
 
It is a well known fact the influence of urbanization on urban climate. Givoni (1998) mentions some of the city 
structure factors with greatest influence: the position of the city in the region, city size, density of building 
construction, urban land use, buildings height, orientation and width of the streets, lot division, effects of parks 
and other green areas and the detailing design factors which affect external conditions.  
The fact that temperatures reach maximum values in the center of the urban areas, in spaces with large built 
areas, population density and high soil impermeability has been extensively studied, as well as the consequences 
for human discomfort and for mental and physical health of people who live or work in these areas. The objective 
of this work is to obtain the horizontal temperature distribution in a central region of the city of Campinas, Brazil, 
with different configurations and land use, to verify the macroclimatic differences in the area.  
Romero (2001) defines urban external public spaces as "those fundamental spaces that frequently affect the built 
spaces, those that sometimes define their forms, land configurations and characteristics." According to this 
author, external spaces are essential elements of the urban landscape because they compose life spaces 
allowing the perception of the city.   
In studies about urban climatic variations different methodologies have been adopted, such as data collected from 
meteorological stations, mobile measurements in transects, remote sensing and mathematical models. Several 
authors use the method of mobile measurements in transects in order to obtain the horizontal distribution of air 
temperature in urban areas. (Yamashita, 1996; Lindberg et al., 2006). So this method was adopted for the 
research on urban environment. 
 
2. STUDY AREA 
   
The study was defined in the city of Campinas, State of São Paulo, Brazil. Campinas is located Northwest of São 
Paulo city, at 22°53'20" South latitude, 47°04'40" West longitude, and 694 meters altitude. The total area of the 
municipal district is 796,40 km2 and the population is near one million inhabitants. (Campinas, 2003). The local 
climate is tropical continental, presenting an average annual temperature of 24 ºC, with a summer period from 
November to March, and winter from June to August. The driest period of the year is August and in February it is 
observed the largest precipitation index. The field work was not accomplished in the whole city; a region in the 
central area was chosen, with a complex urban reality, different building configurations and land use.     
 
3. METHODS   
 
After the delimitation of the study area and selection of the points, mobile measurements of air temperatures were 
carried out, through previously established itineraries, in order to obtain the horizontal air temperature distribution.  
The transect (figure 1) covered the whole study area, with 18 measurements points and a length about 20 km, 
covering a well diversified range of land use. The schedule for measurements was in the hours recommended for 
this kind of research in temporary scale (9:00, 15:00 and 21:00 hours). The measurements occurred in winter 
period, from July 28th to 30th and from August 1st to 3rd and 8th in 2004, in days of clear sky and no rains. 
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Figure 1:  Study area - Map of transect and measurement points  

 
 
Measurements were carried out with a digital portable thermometer (model TH - 090 with thermocouple type K). 
The equipment was installed at the side of the vehicle, with a pole coupled to the door, at 1,50 m height from the 
ground. The researcher/driver registered the temperature data. 
 
The points were chosen to satisfy the criteria proposed by Lombardo (1985). Their characteristics of land use 
configuration and urban occupation are the following:  

• Horizontal occupation mixed with vertical; 
o Densely built area with spare green covering (points 01, 02, 09, 10).  
o Densely built area with scarce green covering (point 07). 
o Densely built area, located in a region near to a lowland valley and water body (points 16, 17, 

18). 
o Sparsely built area, mixed with some  buildings and urban voids (point 15) 

• Horizontal occupation 
o Sparsely built area, near to lowland valley (point 3). 
o Sparsely built area, near to green areas (urban park) and water body (points 11, 12, 13). 
o Densely built area with spare green covering (point 14) 

• Vertical occupation 
o Densely built area, with scarce green covering (04, 05, 06) 
o Densely built area near to a lowland valley (point 08). 
 

Temperature data were also collected at the Meteorological Station of the University, far from the urban centre of 
the city.  
 
3. RESULTS 
 
Data obtained with the mobile measurements were compared with those of the Meteorological Station of the 
Centre for Agricultural Research (CEPAGRI) in the Campus of the University, for the same period. All data are 
shown in Table 1. 
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Table 1:   Average hourly air temperature for winter 2004 - urban points and Meteorological Station.  

Point 9:00 h 15:00 h 21:00 h 

1 16,86 ºC 22,90 ºC 19,74 ºC 

2 17,40 ºC 22,90 ºC 19,50 ºC 

3 16,15 ºC 21,43 ºC 17,91 ºC 

4 17,07 ºC 22,25 ºC 19,09 ºC 

5 17,12 ºC 22,28 ºC 19,10 ºC 

6 17,86 ºC 21,21 ºC 19,57 ºC 

7 17,93 ºC 21,29 ºC 19,60 ºC 

8 16,47 ºC 20,71 ºC 17,79 ºC 

9 17,41 ºC 23,26 ºC 19,89 ºC 

10 17,46 ºC 23,31 ºC 19,90 ºC 

11 16,31 ºC 22,22 ºC 17,86 ºC 

12 16,38 ºC 22,26 ºC 17,88 ºC 

13 16,44 ºC 22,29 ºC 17,88 ºC 

14 16,56 ºC 22,33 ºC 17,89 ºC 

15 17,02 ºC 21,84 ºC 18,12 ºC 

16 17,50 ºC 23,58 ºC 17,04 ºC 

17 17,58 ºC 23,55 ºC 17,03 ºC 

18 17,16 ºC 23,55 ºC 17,07 ºC 

CEPAGRI 16,67 ºC 23,60 ºC 16,56 ºC 
 
Data show that some points in the urban center, in comparison with the meteorological station, present average 
temperatures near those at the station in the morning (9:00) and afternoon (15:00) periods and higher 
temperatures in the period of night cooling (21:00). In the morning points 11 to 14 registered temperatures near to 
that at the station. These points are situated near to an urban park, so that the high green area rate probably 
influenced the slow heating process in this period. In the afternoon, however, the points with average 
temperatures close to values from the station were those with predominant horizontal occupation (points 9 and 
10) and those ones situated in a region near to a lowland valley and water body (points 16, 17, 18). These 
characteristics allow a strong solar incidence in these regions. The proximity to lowland valley also contributed to 
fast night cooling in points 15, 16 and 18. 
 
Relative thermal differences among the measurement points were analyzed in order to establish heat island 
intensity. The analysis followed the method proposed by Gómez et al. [12], apud Brandão [13], which establishes 
the following categories: low intensity heat island when thermal differences oscillate between 0 and 2°C, 
moderate heat island when differences are between 2 and 4° C, strong one for differences between 4 and 6° C, 
and very strong heat island when temperature differences are higher than 6° C. Through this method it is possible 
to obtain the thermal difference for each point, adopting as reference the point with the lowest temperature value. 
Figure 2 shows thermal differences for the mobile measurement points. 
 
Data show that in the morning (9:00) all points present low intensity heat island, below 2°C. At 15:00 points 1, 2, 9 
and 10, in regions with predominantly one or two-storey buildings and regions near to a lowland valley (16, 17 and 
18) show a strong intensity heat island. These are the regions most exposed to solar radiation in the afternoon. 
 
In the night cooling period the hottest regions in the studied area, with a high intensity heat island, where those 
where points 9 and 10 are situated, followed by points 1, 2, 4, 5, 6. Those are regions with dense occupation and 
with an almost complete impermeability (points 9, 10, 1 and 2) or regions with complete vertical occupation (4, 5 
and 6), both with scarce green covering and intense vehicle traffic, which probably contributed to the increasing of 
heat island in night period. 
 
It is worthy to note the behaviour of points 4, 5, 6 and 7. They presented the lowest temperatures in the afternoon, 
probably due to the shading provided by the buildings. In contrast, their temperatures during night cooling were 
the highest ones. High buildings work as heat reservoirs, dissipating the accumulated energy by night, so 
contributing for temperature rise in those places. 
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Figure 2:  Thermal differences  for the mobile measurements points – Winter 2004 

 
In the period of night cooling it is manifest the temperature difference between built zones (1, 2, 4 to 7, 9 and 10), 
regions near to lowland valley (3, 8, 16 to 18), and those near to an urban park (11 to 15). For instance, point 10, 
with 19,90 ºC average temperature and point 17, with 17,03 ºC, the coldest one: temperature difference is 2,87ºC. 
 
4. DISCUSSION 
 
Through the monitoring of thermal field in the central region of Campinas, Brazil, for winter period, the analyses of  
obtained results show that thermal urban environment is directly associated to aspects of urban morphology in its 
proximity. It was observed that the major thermal difference occurred in period of night cooling, a difference of 
about 2.9 ºC between built regions and those near to lowland valley. This difference allows identifying average 
heat island intensity for this period, confirming the known fact that urban environment with dense building 
concentration show the highest temperatures during night cooling. Regions near to lowland valley and to an urban 
park present good heat attenuation, so contributing to stabilize the thermal environment   
 
It is evident that human occupation will always reduce the original land vegetal covering. Urban planners must 
have in mind that decisions about land use should necessarily observe the needs for environmental conservation. 
Doing so, the thermal and environmental effects of urbanization could be strongly reduced. 
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Abstract 
 
Recent UHI studies in Colombo, Sri Lanka indicate that the maximum daily temperature within street canyons 
decreases with increasing height to width (H/W) ratio but higher H/W ratio negatively affects street level wind flow. 
There is also evidence to the cooling effect of sea breeze. The nocturnal heat island is small in contrast to the 
daytime situation. In this paper we compare the effects of conventional UHI mitigation strategies on day and 
nighttime microclimate. We hypothesize that shading enhancement by form manipulation could be the basis of 
UHI mitigation in coastal tropical cities both during the day and the night. 
 
Key words:  UHI mitigation, “Shadow umbrella,” “ENVI-met,” coastal cities 
 
 
1. INTRODUCTION  
 
The study of tropical urban heat islands is relatively new, even as contemporary urbanization is at its peak in the 
tropical region. The results of the first ever tropical UHI study was published only 40 years ago (Nieuwolt, 1966). 
During its short history, research on tropical UHIs has indicated both similarities and differences with the more 
intensely studied temperate UHIs. One of the critical differences is the daytime situation. Although the solar 
radiation is intense, shading from buildings coupled with an abundance of urban vegetation leads to several “cool 
islands” in tropical cities during the day (Ahmed, 2003; Emmanuel, 2005; Johansson et al. 2006). The “Cool 
island” phenomenon might provide clues to possible mitigation strategies. 
 
While the modeling of tropical UHIs is still in its infancy, the need to translate the current knowledge to mitigation 
strategies is urgent in the tropics, on account of the rapidly declining urban quality of life. The possibility to 
manipulate urban form offers a fast and feasible way to mitigate UHIs in the rapidly growing tropics. 
 
 
2. BACKGROUND 
 
The conventional wisdom in UHI mitigation is primarily differentiated by the scale of intervention. On the macro-
scale (i.e. citywide or large neighborhood-scale), mitigation strategies focus on one of three aspects: albedo 
enhancement (Akbari, Konopacki, 2003; Akbari et al., 2005), increased vegetation cover (Mc Pherson, et al., 
1988, 1998; Mc Pherson, 2001) and “cool roof” strategies (Niachou et al., 2001; Runsheng et al. 2003; Wong et 
al., 2003). The focus of these efforts is to reduce the negative feedback of urbanization upon the boundary layer 
climate and/or building/urban energy conservation. The former has implications to air pollution meteorology. At 
the micro-scale (i.e. spaces between buildings), the focus has been shade enhancement (“shadow umbrella” – 
Emmanuel, 2005) and ventilation strategies). 
 
Our work in Colombo, Sri Lanka, suggests that while the conventional nocturnal UHI clearly exists in Colombo, 
the greater “quality-of-life problem” is the uneven daytime warming (Johansson & Emmanuel, 2006; Rosenlund et 
al. 2006). It appears that the daytime situation is primarily influenced by shade availability in the street canyon and 
openness to wind penetration. In light of these findings, it is pertinent to know what effects, if any, the 
conventional macro-scale mitigation strategies have upon the mitigation of Colombo’s UHI. It might then be 
possible to infer lessons for other coastal tropical cities where urbanization is currently at its peak. 
 
 
3. METHOD 
 
The basic approach is to simulate the air and surface temperatures arising from two common UHI strategies and 
two levels of urban form manipulation within a heavily built up street canyon in Colombo, Sri Lanka (6.9oN, 
79.9oE, 7m a.s.l.). Surface temperature is one of the most important parameters of Mean Radiant Temperature 
(MRT) which in turn is critical to outdoor human comfort (Emmanuel, 2005). Data collected during a recent 
microclimate measurement regime (Johansson & Emmanuel, 2006) was used to initiate the numerical model.  
 

                                                 
1 Dept. of Architecture, University of Moratuwa, Moratuwa 10400, Sri Lanka. email: rohinton@sltnet.lk 
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3.1. Numerical modeling – ENVI-met 
In the field of UHI mitigation, numerical models have the obvious advantage over field measurements on account 
of their controllability as well as time and resource frugality. The non-linearity of the UHI problem lends itself to 
numerical model-based analysis and is therefore increasingly popular in urban climatology (Arnfield, 2003). 
 
Urban micorclimate models vary widely, based on their physical basis and spatial/temporal resolution. Ali-Toudert 
& Mayer (2006) provide a detailed critique of the more popular models at the microscale with fine temporal 
resolutions. As Ali-Toudert & Mayer (2006) point out, ENVI-met (Bruse, 1999) is perhaps the only microscale 
computational fluid dynamic model capable of analyzing the thermal comfort regime within the street canyon at 
fine resolutions (down to 1m x 1m). We have therefore selected ENVI-met (version 3, http://www.envi-met.com) 
as the numerical model to analyze the effect of UHI mitigation options in Colombo, Sri Lanka. 
 
3.2. Simulations 

 
 

Figure 1: Existing building footprint at the simulation site 
 
In this paper, we simulate and compare the street level air temperature and surface temperature effects of two 
commonly suggested UHI mitigation strategies and a hypothesized density increase at one of the measurement 
sites given in Johansson & Emmanuel (2006). The measurement site in question (DMP in Johansson & 
Emmanuel, 2006) is located in the old town sector of the city; heavily built-up and has little greenery (Figure 1). 
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(a) “Base case” (b) “High green” case 

Figure 2: Representation of simulation site in ENVI-met 
Note: 

i. High Albedo case: Uwall = 0.57, Uroof = 2.00; αw = αr = 0.6; road paved with “white” conc (α = 0.6, 

ε =0.90) 
ii. “Medium density case” – all building 6 stories (18m) high (H/W ratio = 2.0); “High density case” – all 

building 10 stories (30m) high (H/W ratio = 3.33) 
 
The following mitigation options are compared and contrasted against the existing situation (the “Base Case”) at 
the above-mentioned site: 
 i. Increase the albedo of urban surfaces by painting roofs and walls in white and using light-colored 

concrete paved road (the “High albedo case”) (see note I, Figure 2 above); 
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 ii. Increase the green cover within the street canyon by planting 10m high trees with distinct crown (the 
“High green case”) (see Figure 2(b) above); 

 iii. Increase the shading level at neighborhood scale by increasing the built massing (all buildings in the 
vicinity up to 6 stories high – “Medium density case” and all buildings in the vicinity up to 10 stories high 
– “High density case”) (see note (ii), Figure 2); 

 iv. A combination of high density and high albedo cases (“Combined case”). 
 
 
4. RESULTS AND DISCUSSION 
Figure 3 shows the simulated (a) air temperature (1.2 m above street canyon at the middle of the canyon) and (b) 
street surface temperature in the middle of the canyon. Table 1 shows the MRT ranges within streets (N/S and 
E/W streets) at peak daytime (14:00 hrs LST) and at peak nighttime (21:00 hrs. LST). 
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Figure 3: ENVI-met simulation of mid canyon (a) air and (b) surface temperatures (East-West street) 

 
It could be observed that the “High albedo” case had the lowest air temperature (approximately 1.8 deg. C lower 
than the “Base case”). However, the lowest surface temperatures resulted from density manipulations (“Medium 
density case” and “High density case” led to a maximum surface temperature drop of 8.4 deg. C and 12 deg. C 
respectively). Density manipulation also led to the lowest MRT within the street canyons (both N/S and E/W 
streets) (see Table 1), which was better than the “Combined case.” 
 

Table 1: Mean Radiant Temperature (oC) variations within street canyons 
 Base case High 

albedo 
case 

Green 
case 

Medium 
density 

case 

High 
density 

case 

Combined 
case 

East-West Street       
   Peak daytime 321 – 336 336 – 339 321 – 336 316 – 328 310 – 316 315 – 318 
   Peak nighttime 297 – 299 296 – 298 297 – 300 296 – 298 295 – 297 296 – 297 
North-South Street       
   Peak daytime 318 – 336 318 – 339 318 – 336 316 – 331 310 – 316 315 – 321 
   Peak nighttime 296 – 299 296 – 297 297 – 300 295 – 298 295 – 297 296 – 298 

Note: 
MRT values at 1.2m above street surface 
 
 
5. DESIGN IMPLICATIONS 
 
The above discussion points out two salient features of tropical UHIs that have urban design implications. On the 
one hand, strategies that leads to better air temperature mitigation may not necessarily lead to better thermal 
comfort (see the differences in air and surface temperatures). Secondly, density manipulations (and by inference, 
shading) is capable of significant reductions in MRT (and therefore, better urban thermal comfort) (see, Ali-
Toudert et al. 2006).  
 
From the point of view of urban design, human comfort enhancement (and therefore better urban quality of life) is 
better served by urban form manipulation. This is a welcome development in the rapidly growing tropical cities, 
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where density enhancement is already happening by default. If our conclusions are correct the critical urban 
design task in the tropics will be to guide the rapid urban growth towards efficient “shade growth.” What is needed 
in the tropics is a set of design guidelines that promote shading (the mirror opposite of “solar rights” ordinances). 
It is thus feasible to employ the concept of “shadow umbrella” (Emmanuel, 2005) in the tropics.  
 
However, it is worth mentioning that the simulations reported in this paper are for a point in the middle of the 
street canyon, 1.2m above the street surface. The effect could be different at the edges of streets where 
pedestrians are more likely to be present. The distribution of MRT within street canyons shows that the edges of 
streets are generally cooler than the middle of the canyon. This is especially true when vegetation is present (see 
Johansson et al. 2006), even though slight nocturnal warming was evident under the trees. Another caveat is the 
poor predictability of nighttime microclimate by ENVI-met. Our experience shows that ENVI-met tends to under-
predict the nocturnal UHI. 
 
A shortcoming of high density development is its unpredictable effect on street level wind flow. The promotion of 
street level shading needs to be cognizant of the need for urban ventilation. 
 
It is necessary to conduct more dynamic testing of the thermal comfort effect of shading coupled with the 
detrimental effect of built massing. 
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TEMPERATURE RISE IN A TROPICAL SOUTH-EASTERN ASIAN CITY, JOHOR 
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Abstract 
Annual average of observed temperature at Senai (International Airport of Johor Bahru, JB) in the suburbs of JB, 
Malaysia has been increased by about 1.1°C for the last three decades. In the present study, this phenomenon 
was investigated numerically by using PSU/NCAR meso-scale model (MM5) with land-use of 1970 and 2000 so 
that possible contribution of extended urbanization of JB to the temperature rise was evaluated. Additionally, 
possible temperature increase in 2020 was also calculated based on a city planning of JB. Obtained results 
showed: (1) estimated increase of daily-and-area-averaged temperature was 0.64°C in the suburbs and 0. 87°C in 
the city center of JB for the thirty years from 1970 to 2000; (2) further increase of 0.89°C was predi cted in the city 
center from 2000 to 2020 with a town planning of Johor Bahru; (3) that urbanization in Singapore may significantly 
affect the temperature in JB was also suggested. 
 
Key words: heat island, tropical city, south-east  Asia, Johor Bahru, land-use planning 
 
1. INTRODUCTION  
Rapidly expanded urbanization in the last four or five decades now causes unpleasant temperature rise in the 
summertime in Japanese mega cities such as Tokyo, Osaka, and Nagoya. Change of land surface from forest, 
rice paddy, etc. to buildings, and paved roads mainly contributes to the increase of temperature, and enhanced 
energy use in urbanized area may be additional reason for it. Such an example for Nagoya area was investigated 
in Kitada et al. (1998) etc. Temperature rise caused by urbanization demands further energy consumption for 
cooling (e.g., Ashie, et al., 2001), and thus likely leads to increased emission of green house gases. We may 
avoid this additional energy consumption by careful urban planning such as land use planning, planning for spatial 
distribution of buildings with controlled heights, use of appropriate building material, and surface color, etc. The 
same thing could occur even in tropical area. In this study, for a step to an “energy saving city” of Johor Bahru 
(JB), we have analyzed temperature change in JB during the last three decades, and evaluated effect of the 
extended urbanization in JB on the temperature increase by using meso-scale meteorological model (MM5). We 
also estimated possible temperature rise in JB at the year 2020 based on a future land use planning (Ho, 2002). 
 
2. CHANGES OF TEMPERATURE, POPULATION, AND LAND USE IN JOHOR BAHRU AREA FROM 1974 TO 
2000   
2.1. Temperature 
Johor Bahru (JB) is the second largest city in Malaysia, and is located at 1º29’N and 103º44’E and at the southern 
most chip of Malay Peninsula. JB has expanded rapidly in its population, urbanized area, and economy for the 
last three decades. Economic development of Singapore also 
has stimulated the development of JB.  Fig. 1 shows locations of 
Johor Bahru, Singapore, etc.  
  At the Johor Bahru International Airport in Senai (i.e., SE in Fig. 
1), meteorological data of temperature, humidity, wind, solar 
radiation, and rainfall intensity have been measured since 1974 
(Perkhidmatan Kajicuaca Malaysia, 2000). Based on the data, we 
have examined change of temperature for about 25 years. Fig. 2 
shows trends of daily-maximum, -average, and -minimum 
temperatures at Senai. All of these suggest their increases of 
about 1.1ºC for 27 years from 1974 to 2000. (Meanwhile, annual 
precipitation during 20 years from 1981 to 2000 did not show 
simple monotonic trend, and it had a value ranging from 1860 to 
2890 mm/yr.)  Monthly-averaged temperature at SE (in Greater 
JB) shows its seasonal variation: the highest temperature during 
April to June, the second highest in October, and the lowest in 
December and January.  

SE 
JB 

 
Fig. 1. Johor Bahru and Singapore. JB: Johor Bahru, and SE: Senai. SE is a part of the “Greater Johor Bahru”. 
Meteorological factors such as temperature, humidity, wind etc. are continuously monitored at SE.  
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Increases of temperatures shown in Fig. 2 
may include effects by global warming. 
According to the IPCC report (IPCC, 2001),  
temperature rise attributable to the global 
warming is 0.17 ºC (0.24ºC in Northern 
Hemisphere and 0.11ºC in Southern 
Hemisphere) for 25 years from 1976 to 2000. If 
we assume this 0.17ºC as the increase of 
temperature at SE (Greater JB) by global scale 
warming, a difference of 0.93ºC (=1.1-0.17) 
could be due to  urbanization in the region. 
Thus we have tried to estimate how much the 
temperature in JB has been raised by the 
urbanization. Furthermore we have tried to 
predict temperature rise based on a future land 
use planning in the Greater JB in 2020. 
 

2.2. Population and land use 
As shown in Table 1, population of Johor Bahru has rapidly increased, and is expected to further increase in the 
future. For example,  the population in JB was increased by about 1.5 times from 440,000 in 1991 to 680,000 in 
2003. Moreover, it is expected the population of the metropolitan Johor Bahru (the greater JB)  may increase by a 
factor of 3.8 for 25 years: that is, 1 million in 1996 to 3.8 million in 2020.  
   With this increase of population, land use of the state of Johor was largely changed from forest and irrigated 
crop field to urban area. Enhancement of the change is further predicted for the next 20 years. Figs. 3a, b, and c 
illustrate land use maps for 1970, 2000, and 2020. These maps were prepared based on the study by Ho (2002); 
these land use maps were used for meteorological simulations using MM5. 
 
Table 1. Population in Johor Bahru: past, present, and future. 
   Year 1991 1996 2000 2003 2005 2020 
Johor Bahru   440* 

       630 680   
Metropolitan Johor 
Bahru# 

 1000         1400       3800 

� Unit of the population is one thousand.  # The “Metropolitan Johor Bahru (the Greater JB)” covers Johor 
Bahru and other communities which form the metropolitan area. 

 

 
(a) 1970.                                               (b) 2000.                                           (c) 2020. 

 
2.3. MM5 simulation and surface parameters 
 In MM5 (Grell et al., 1995, and Dudhia et a., 1999) simulations, two domains were defined: Domain 1 covered the 
area of 150 km x 150 km with a horizontal grid size of 3 km, and Domain 2 (see Fig. 3 for the area) with the area 
of 90 km x 73 km and a grid size of 1 km was nested in Domain 1. To describe a larger-scale meteorology during 

Fig. 2. Five-year running mean of annually-averaged 
temperatures at Senai (SE in Fig. 1): daily maximum (○), 
daily average (●), and daily minimum (□). 
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Fig. 3. Land use map for Johor Bahru area: (a) 1970, (b) 2000, and (c) 2020. These were prepared based 
on  detailed lad use descriptions by Ho (2002). Land use type indicates: “red” for urban area, “green” for 
evergreen broad leaf, and “blue” for water bodies. These maps represent Domain 2 in MM5 simulations 
(see subsection 2.3.). In (b), Sub-regions A, B, and C are defined for temperature analysis: “A” the old 
downtown of Johor Bahru (JB), “B” the extended city area of JB, and C the northern suburbs of JB. For 
each area of A, B, and C, relation of increased urbanized-area ratio with sub-region-averaged temperature 
rise will be quantitatively evaluated in subsection 3.2.  
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the simulations,  ECMWF outputs were used: they were geo-potential height, winds, temperature, and humidity at 
0.5ºx0.5º grid with 6 h interval for 3 days from 00GMT 4Mar to 00GMT 7Mar2001. 
  The simulations were performed using a non-hydrostatic version with the parameterizations: “MRF PBL” for 
planetary boundary layer, “Cloud-radiation” scheme for radiation process, “Simple ice (Dudhia)” for cloud 
microphysical process, and “Five-layer soil model” with “Surface energy equation”. The surface energy equation is 

given by:                                   svsmn
g

g ELHHR
dt

dT
C −−−=                       (1) 

where substratetheoflowheattheisHfluxradiationnettheisRetemperatursurfacetheisT mng int,, ,

sH is the sensible heat flux into the atmosphere, vL is the latent heat of vaporization, sE  is the surface moisture 

flux, and gC is the thermal capacity of the slab per unit area.    ( ) 2
16 ,10293.3 sg CC λχχ =×=           (2) 

Parameter χ  is the “thermal inertia” and is specified as a function of land-use characteristic. Thermal 

characteristic of each land-use type is taken into the calculation through the terms of χandEHHR ssmn ,,,, , 

in which the parameters in Table 2 determining thermal characteristic are included (see Grell et al., 1995).  
 
Table 2. Surface parameters related to thermal characteristic in MM5 simulation. 

Albedo 
(%) 

Moisture 
Availability (%) 

Emissivity 
(% at 9 µm) 

Roughness 
Length (cm) 

Thermal Inertia. 
(cal cm-2K-1s-1/2) 

Vegetation 
Description 

S$  W$  S       W  S        W  S       W  S        W 
Urban 18   18  10      10  88       88  50      50  0.03     0.03 
Evergreen 
Broadleaf 

 
12   12 

 
 50      50 

 
 95       95 

 
 50      50 

 
 0.05     0.05 

Grassland 19   23  15      30  92    92 0.12     0.10  0.03     0.04 
Water Bodies  8    8 100     100  98       98  0.01     0.01  0.06     0.06 
$ “S” and “W” stand for warm and cold season, respectively.  
 
2.4. Simulation cases 
To study effects of urbanization on temperature distribution in “Domain 2” (see Fig. 3), five scenarios were 
calculated (see Table 3). Case 1, 2, and 3 were to see the effects of land use distribution in 1970, 2000, and 2020 
(as shown in Figs. 3a b, c), respectively. Case 4 and 5 were designed specifically to look at the effect of 
urbanization of Singapore on temperature in Domain 2. 
 
Table 3. Simulation cases. 

  Land Use Distribution (Domain 2)#  Land Use in Singapore 

 Case 1   1970 (Fig. 3a) As exactly in Fig. 3a. 
Case 2 (Base)   2000 (Fig. 3b) As exactly in Fig. 3b. 
 Case 3   2020 (Fig. 3c) As exactly in Fig. 3c. 
 Case 4   2000 (Fig. 3b) “Evergreen broadleaf” is assumed. 
 Case 5   2020 (Fig. 3c) “Evergreen broadleaf” is assumed. 

# Urban area in the state of Johor (i.e., the area in Figs. 3a, b, c less Singapore) was increased by 6.5 times from 
1970 to 2000, and is expected to be increased by 1.6 times from 2000 to 2020.   
 
3. RESULTS AND DISCUSSION 
Each simulation in Table 3 included 3-day calculation from 00GMT on 4 March to 00GMT on 7 March 2001. 
Larger scale meteorological field was given every 6 hours by ECMWF analysis data with resolution of 0.5ºx0.5º. 
We chose “March” for simulation since it is the beginning of hot season from March to June and its average 
temperature seems to be close to the annual mean temperature (Perkhidmatan Kajicuaca Malaysia, 2000), 
though we do not, of course, intend to do exact reproduction of the temperature rise in Fig. 2. 
3.1. Temperature distribution affected by the change of land use 
Fig. 4a shows one-day averaged temperature at 2 m on sunny day  in 2000 (Case 2 in Table 3 and the land use 
in Fig. 3b); higher temperatures are found over JB and Singapore; temperature in the downtown JB is by 1-1.5ºC 
higher than rural area. Fig. 4b shows temperature increase/decrease due to the change in land use distribution for 
30 years from 1970 (land-use in Fig. 3a) to 2000 (land-use in Fig. 3b). Increasing temperature in newly urbanized 
area in JB and Singapore is demonstrated with its maximum level exceeding 1.4 ºC.  Estimated increase of the 
one-day averaged temperature from ‘1970’ to ‘2000’ was about 0.6ºC at Senai, which is smaller than the  
observation-derived value of about 0.9ºC. In ‘2020’ (Fig. 4c), significant temperature increase is suggested in the 
area on the east and the nort of JB, where further urbanization/industrialization is planned (see Fig. 3c). 
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3.2. Quantitative analysis on the relation between urbanization ratio and temperature rise 
To quantitatively investigate effect of ‘area ratio of urbanized surface’ on temperature, three sub-regions were 
defined (see Fig. 3b): the old downtown of JB (“A” in Fig. 3b), developed city area of JB (“B” in Fig. 3b), and the 
northern suburbs of JB including Senai (“C” in Fig. 3b). In Figs. 5a,b,c, daily-maximum, -mean, and -min 
temperatures which were averaged over each sub-region are plotted against area ratios of urbanized surface in 
the corresponding sub-regions. Fig. 5a suggests that urbanization contributes mainly to increase of daily 
maximum temperature, while daily minimum temperature, which usually occurs at the end of night, is less affected 
by it. From Figs. 5a,b, increase of temperature for 30 years from 1970 to 2000 can be 0.4-0.6 ºC and 0.5-0.9 ºC in 
sub-regions ‘C’ (in cluding Senai) and ‘A’, respectively.  
 

4. SUMMARY 
In this study, thermal environment in Johor Bahru (JB) was investigated for 1970, 2000, and 2020 in terms of 
influence of expanded urbanization in the Greater Johor Bahru and also in Singapore. Quantitative evaluation on 
the influence was performed by the numerical simulation of a meso-scale meteorological model, MM5, with land 
use distributions for 1970, 2000, and 2020.  
References 
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Fig. 4. Calculated temperatures (ºC) at 2 m in Domain 2: (a) one-day averaged temperature on sunny day 
in March in Case 2 (Base: land use in 2000, Fig. 3b), (b) temperature difference: Case2 (2000)-Case 
1(1970), and (c) the same but for Case 3 (2020) – Case 2 (2000). The figures are all based on one day 
averaged values on sunny day. 
 

(a) One-day-averaged 
temperature in 2000 (Case 2). 

(b) Increase of one-day-averaged 
temperature caused by land-use change 
from 1970 (Case1) to 2000 (Case 2). 

(c) Same as (b) but for 2000 and 
2020.  

 

Fig. 5. Temperatures averaged over each sub-region  vs. area ratio of urbanized surface in each 
sub-region; the temperatures were calculated in Case 1 (land use for 1970), 2 (2000), and 3 (2020): 
(a) daily-maximum-,  (b) daily-mean-, and (c) daily-min-temperatures. In the figures urbanized area 
ratio of “low”, “medium”, and “high” in each sub-region corresponds to the year “1970”, “2000”, and 
“2020”, respectively. See Fig. 3b for locations of the sub-regions A, B, and C. 
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IMPACT OF URBAN PLANNING STRATEGIES ON REGIONAL CLIMATE: A 
CASE STUDY OF MELBOURNE 2030 
Andrew M. Coutts, Jason Beringer, Nigel J. Tapper 

Monash University, Melbourne, Australia 
 
 
Abstract 
 
Planning for future urban growth within the available resources of land, water and energy, is a difficult task for 
urban planners. From the concepts of the planning strategy for Melbourne, Australia, a study was conducted to 
aid urban planners in their bid to achieve sustainable settlements. Based on the key directions of the strategy, this 
study was developed utilizing field observations and modeling to analyze the impact of increasing urban density 
on urban climates. Results suggest that continuing current patterns of development would produce degraded 
urban climates with exacerbated temperatures and reduced air quality. However, modifications to the strategy 
could allow intensive urban development while protecting environmental quality through appropriate policy 
initiatives.  
 
Key words: urban planning, urban climate, urban heat island 
 
 
1. INTRODUCTION  
 
Reducing the intensity of the Urban Heat Island (UHI) in cities is becoming an increasingly important 
consideration in moving towards the development of more sustainable settlements. Many hazards are associated 
with exacerbated temperatures within urban areas including heat related illnesses and even mortality for 
vulnerable urban dwellers such as the elderly, particularly during summer and heat wave episodes (Rankin, 1959, 
Smoyer-Tomic et al., 2003). Concentrations of atmospheric pollutants can also be influenced by the thermal 
environment, as higher temperatures aid the formation of some pollutants such as ozone (O3) (Stone, 2005), 
which is hazardous for asthma sufferers. The general increase in global temperatures due to global warming, 
coupled with increased urban temperatures, will produce more dangerous conditions for city dwellers, especially 
in cities that experience hot summers. The UHI effect can be mitigated via environmental modification, particularly 
through controlled and structured urban design measures that can reduce heat stress related illnesses and 
mortality. There is sufficient evidence to suggest that urban planning can be a useful method of improving local 
climate and human health (Jackson, 2003, Stone, 2005). It has been proposed that there are 8 nodes of 
investigation for those involved in urban climate research. These nodes are conceptualization, theorization, field 
observation, modeling, validation of models, application in urban design and planning, impact assessment and 
policy development and modification (Oke, 2005). This paper reports on a study conducted in Melbourne, 
Australia, that attempted to engage each of these investigative nodes. In 2002, a planning strategy called 
‘Melbourne 2030: Planning for Sustainable Growth’ was released as a long term strategy to combat the 
anticipated growth and development in Melbourne towards the year 2030 (DSE, 2002). The document provided 
the basis for the conceptualization of the Melbourne study. Therefore, this paper describes the process of moving 
through the investigative nodes described above to reach the goal of informed and relevant policy development.  
 
2. METHODOLOGY   
 
The main goal of Melbourne 2030 that was likely to result in climate modification was its first key direction of a 
more compact city and provided much of the theorization for the project development. The compact city aims at 
clustering and increasing the amount of housing in established urban areas through establishing an urban growth 
boundary (UGB) and developing activity centers which are centers for business, shopping, working and leisure 
that are to be built up as a focus for high quality development, including forms of higher density housing (DSE, 
2002). The anticipated urban development towards a more compact city, if not planned in an informed manner, 
could lead to increasing UHI intensity compromising the overall goal of the Melbourne 2030 strategy of achieving 
a livable, attractive and prosperous city. There is no mention of UHI mitigation in the strategy, though it does 
recognize the need for reduced greenhouse gas emissions According to Mills (2005), a sustainable city is 
‘compact’, high density and supported by a comprehensive transport network. Mass transport systems emphasize 
connectivity of higher population, higher building densities and mixed use developments at critical nodes 
(intersecting transport routes). However, this city model can compromise green-space, potentially threatening the 
environmental quality of the city as urban regions are built up and requires policy development to effectively 
protect and improve such areas, particularly in residential neighborhoods (Pauleit et al., 2005). In order for 
Melbourne 2030 to achieve a sustainable compact city, while protecting the cities environmental quality, requires 
policy development that includes climate knowledge. There were three broad areas of investigation in this study to 
address the impacts of Melbourne 2030: 
• The result of the anticipated increase of 620,000 households on local climate through the impact of 

increasing housing density on the surface energy balance. 
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• The variability of CO2 emissions in Melbourne both temporally and spatially and the influence of local land 
cover. 

• Modeling of the Melbourne 2030 UHI and local climate using land surface databases based on the 
Melbourne 2030 directions. 

 
3. RESULTS AND DISCUSSION 
 
3.1. Field observations 
 
3.1.1 Surface energy balance 
 
To investigate the impact of increasing housing density on the surface energy balance, considered fundamental in 
understanding boundary layer development, three sites of increasing housing density were established during a 
field campaign from August 2003 – August 2004 in Melbourne (Coutts et al., 2006a). Using the eddy covariance 
approach with equipment mounted on tall towers (40 m), the radiation and energy budgets were measured at 
each site. Additionally, information on surface characteristics, land cover, population and housing density were 
collected to identify design features influencing the partitioning of energy at each site. Following current patterns 
of development, the results from this study suggest that a move towards a more compact city with built up activity 
centers would result in a larger heat storage fraction due to changes in the surface characteristics through 
reduced albedo and less vegetated cover, but more so through increased built up surface area (including walls). 
This would raise urban surface and within canopy temperatures leading to unfavorable conditions, particularly for 
those with increased vulnerability to excess temperatures, thereby contradicting the goals of Melbourne 2030. 
The low evaporative flux across all housing densities as a result of water restrictions led to high Bowen ratios 
during the summer months and all housing densities across Melbourne would experience unpleasant conditions 
during the day. A move towards a more compact city will extend the seasonal exposure to unfavorable climatic 
conditions, with warmer temperatures expected in the shoulder months either side of summer. In addition, diurnal 
exposure will also increase with warmer temperatures continuing into the evening, due to increasing built up 
surface area (including walls) and increased storage (Coutts et al., 2006a).  
 
3.1.2 CO2 fluxes 
 
Field observations were also conducted to investigate urban CO2 emissions and their variability (Coutts et al., 
2006b). Two of the urban field sites were also measuring CO2 fluxes using the eddy covariance approach 
between February 2004 and June 2005. The two sites varied in local land surface cover, in particular the site 
located in the suburb of Surrey Hills showed a greater vegetation cover (47%) than the site located in Preston 
(38%). CO2 fluxes were consistently positive throughout the year, being more positive in winter from reduced 
vegetation uptake and greater natural gas combustion. At the Preston site over a full year of measurements the 
estimated mean annual total of CO2 fluxes for the local area was calculated as approximately 93.2 t CO2.ha-1.yr-1 
and corresponded to a yearly CO2 source of estimated at 3.17 t CO2.capita-1.yr-1 (Coutts et al., 2006). Despite a 
greater vegetation fraction in the residential areas of Surrey Hills, the net flux of CO2 to the atmosphere was 
greater than that observed at the less vegetated Preston site (Figure 1) due to significant sources of CO2 (main 
roads) that overwhelm any greater vegetation sinks in residential areas. The planning goals of Melbourne 2030 
aim to encourage a more compact city and shift commuter travel by private car to public transport, which will in 
turn reduce CO2 emissions (Li and Tamura, 2003) and support the Victorian Greenhouse Strategy in reducing 
emissions. As patterns in CO2 fluxes are likely to be similar in other atmospheric constituents such as O3 and 
NOx, a more compact city should also lead to improved air quality. However, activity centers are themselves likely 
to be significant contributors to atmospheric CO2 concentrations. 
 

 
Figure 1. Mean diurnal variability (LST) of CO2 fluxes in two suburbs of Melbourne (February 2004 – July 2004) 
(left panel) and the mean daily CO2 flux for each month (right panel). 
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3.2. Modeling and validation of models 
 
The field observations of the surface energy balance, land surface cover data, and meteorological parameters 
gathered from the field campaign provided information for the modification and validation of a regional climate 
model called The Air Pollution Model (TAPM) (Hurley, 2005). Benefits of using TAPM include the ability to 
conduct year long simulations, the ability to run simulations without observational inputs, the ease of a PC based 
interface for use in Windows operating systems, user-defined surface cover databases and a range of methods 
for analyzing outputs. Therefore TAPM is a suitable model that could be adopted as an urban planning tool and 
provides the cause for its selection this study. The urban surface scheme in TAPM was modified from a single 
slab urban surface type to 4 urban land surface types: low, medium and high density and a CBD, based on the 
observational data collected in the Melbourne region. 
Parameters of impervious surface cover, albedo, 
anthropogenic heat and thermal conductivity were modified in 
the model to better represent the spatial variability of urban 
surfaces across Melbourne. Using information on dwelling 
density, 1 km resolution input databases were constructed for 
the model. TAPM was configured with 3 nested grids of 110 by 
110 horizontal points with the inner grid encompassing the 
Melbourne metropolitan area and a grid spacing of 1000 m 
centered at 145°9’ E and 37°59’ S. The middle and out er grids 
spacing were 3000 m and 10,000 m respectively and 25 
vertical grid levels and the model was run for August 2003 – 
July 2004 and validated against the field observations 
conducted at that time. Results showed a good performance in 
simulating energy balance partitioning and meteorology during 
the summer resulting in a high degree of confidence in the use 
of the model in simulating the urban climate and UHI (Table 1).   
 
3.3. Application in urban design and planning and impact assessment 
 
The modified version of TAPM was then used to investigate the climatic impact of the Melbourne 2030 strategy. 
The current dwelling density input database that was constructed was modified following the Melbourne 2030 
initiatives for achieving a more compact city. The location of the proposed 26 Principal, 82 Major and 10 
Specialized activity centers were than added, and anticipated to be surrounded by high density housing for a 1 km 
radius (within walking distance). Housing within another 1 km radius was anticipated to increase to at least 
medium density housing while existing high density areas remained as such. The UGB was also added to the 
database and any undeveloped land was anticipated to increase to low density. TAPM was then run for the month 
of January over 8 years (1997 – 2004) with the same configuration as the test runs of current urban development. 
Results indicate that screen level temperatures (at 2 am LST) across the metropolitan region appear to become 
more uniform as more energy is stored in the urban fabric and released at night. Therefore, as expected from the 
observational conclusions, the diurnal exposure to unfavorable conditions will increase not only in activity centers, 
but across the whole metropolitan region and the UHI intensity will increase. 
 

  
Figure 2. The Melbourne 2030 input database including activity centers and the urban growth boundary (left 
panel) and the mean screen level temperature at 2am (1997 – 2004) for the inner domain encompassing the 
greater Melbourne metropolitan area (right panel).  
 

Table 1. Statistical comparison between 
variables for the observational location 
(145°0’47”, 37°43’57”) and corresponding 
model grid point (043, 084) for the month of 
January 2004. 
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4. CONCLUSION 
 
If urbanization continues in Melbourne following existing patterns of development, a move towards a more 
compact city will result in a reduction in the environmental quality and unfavorable climatic conditions for urban 
dwellers. However, taking appropriate measures can help to reduce negative impacts. If activity centers are to 
grow as planners envisage, new policies needs to be developed. We suggest that Melbourne 2030 includes new 
guidelines into ‘Direction 7: A greener city’ with an initiative to ‘Reduce the impact of negative urban climate 
impacts through measures for urban heat island mitigation’. Broadly, this initiative would include maintaining a 
sufficient amount of open space and increased vegetation cover, especially at activity centers. Vegetation 
increase could be adopted for both within urban canyons, but also at rooftop level with the establishment of 
rooftop gardens, encouraging evapotranspiration over sensible heating of the atmosphere. For areas that may not 
be viable for excessive vegetation, higher surface and rooftop albedos would aid in reducing heat storage. 
Restricting canyon height to width ratios would also aid in reducing heat storage. The introduction of water 
retention strategies such as rainwater tanks would allow continued garden watering throughout dry periods. 
Improved energy efficiency (already an initiative in a greener city) would aid in reducing anthropogenic heat. 
Reducing car-based travel (as in a compact city) would reduce CO2 emissions, aiding in reducing the progress of 
global warming, as well as resulting in improved air quality, and anthropogenic heating. The introduction of a new 
initiative, while improving climates, would result in multiple benefits for Melbourne and aid in achieving other listed 
initiatives within the greener city direction.  
 
While these policy suggestions are broad and already well known as methods for reducing UHI intensity, not all 
may be known by urban planners. Precise policy development would require discussions between urban planners 
and urban climatologists. With respect to addressing all of the investigative nodes, which were addressed in some 
manner in this study, better results could be achieved through input from more knowledgeable parties. Moving 
throughout the nodes with restricted resources was difficult. The conclusion from this study reiterates the point 
made by Oke (2005) that a multi disciplined system is required in order that all the investigative nodes are 
adequately address and therefore also requires effective communication across disciplinary boundaries. 
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Abstract 
 
We studied local winds to effectively mitigate the urban heat island effect with regard to the obstruction of sea 
breeze by a group of high-rise buildings and the change in the direction of sea breeze due to the building form. 
The air temperature in the high-rise area is lower than that in the middle-rise area; one reason for this is assumed 
to be the difference in the wind velocities of these two areas. Based on the calculation result, it is confirmed that 
the weak wind areas in the lee side of the high-rise buildings are created due to the combined resistance of the 
high-rise buildings to the momentum flux of the air in the upper layers over the lee side of these buildings. 
 

Key words: Street ventilation, Sea breeze, Observation, Numerical simulation 

 
1. INTRODUCTION  
 
In Osaka city, the urban heat island phenomenon has been clearly confirmed. Therefore, immediate measures 
are required to improve the urban thermal environment of Osaka city in summer. In our previous study, we 
reported that sea breeze, which blows from Osaka bay to the urban area, is the most dominant factor that 
influences the urban thermal environment in the daytime [Takebayashi, et. al.]. An actual survey by Masuda et. al. 
revealed that sea breeze is effective for the improvement of the thermal environment in the daytime. On the other 
hand, a wind tunnel experiment indicated that sea breeze is obstructed by a group of high-rise buildings in the 
Shiodome area of Tokyo. As a result, the flow of wind in the rear area is weakened, thereby highlighting the 
necessity of examining the placement of high-rise buildings. Wind tunnel experiments and numerical simulations 
have confirmed that the increase in the air temperature in the weak wind area is due to high-rise buildings [Ashie, 
et. al.] 
A group of high-rise buildings is concentrated in Osaka Business Park (OBP) district. A congested wooden town 
area (Shigino area) is located in the lee side of OBP. This area was selected for observation and numerical 
simulation in order to investigate the obstruction of sea breeze blowing toward the congested wooden town area 
by the group of high-rise buildings. 
We observed the wind direction, wind velocity, and air temperature at certain points in OBP, which is a group of 
high-rise buildings, Temmabashi district, which is a group of middle-rise buildings, and Shigino area, which is a 
low-rise congested wooden town area. We classified these areas as “high-rise area,” “middle-rise area,” and “low-
rise area,” respectively. In addition, we examined the degree of ventilation between the air near the surface and 
the air in the upper layers. Furthermore, we carried out a numerical simulation to consider the property of each 
building. 
 
2. OBSERVATION  
 
2.1. Outline of observation 
 
The observation site and points are shown in figures 1 and 2. “Junction” refers to a junction of Neyagawa River 
and second Neyagawa River. “Railway line” is a road with a width of approximately 30 m along the railway track. 
“Planning road” is a road with a width of approximately 25 m. “Low-rise area” is a typical congested wooden block. 
A photograph of the high-rise area taken from the Junction side is shown in figure 3. A photograph of the middle-
rise area is shown in figure 4. Figures 5 and 6 show the photographs of the low-rise areas; the former photograph 
was taken on the Planning road. The buildings of the high-rise area are seen in the background of the 
photographs in figures 5 and 6. To compare the high-rise and middle-rise areas, we selected observation periods 
from August 9 to 11, 2005, and from 1200 to 1700 on September 2 and 3, 2005, during the blowing of sea breeze 
for determining the effect of the obstruction of sea breeze by the buildings in these areas. The observation device 
and the interval of wind velocity measurement at each observation point are shown in Table 1. On movement 
observation, it’s observed for 10 minutes and moved in 10 minutes to be synchronized with fixed points in every 
20 minutes. 
 
2.2. Observation result 
 
The observation results of air temperature and wind velocity in the high-rise and middle-rise areas are shown in 
figures 7 and 8, respectively. The relationship between wind velocities at Osaka meteorological observatory and 
 
*Corresponding author address: Hideki Takebayashi, Department of Architecture and Civil Engineering, Faculty of 
Engineering, Kobe University, 1-1, Rokkodai, Nada, Kobe 657-8501, Japan; e-mail: thideki@kobe-u.ac.jp 
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in the street is shown in figure 9. The middle-rise area exhibits the highest air temperature and the lowest wind 
velocity. Even when the street direction is identical to the upper wind direction, the ratio of the wind velocity in the 
street to that at the observatory in the middle-rise area is approximately 20%–30%, whereas that in the high-rise 
area is approximately 40%–50%. 
The wind velocity and direction and the wind roses in the observation period at the observatory are shown in 
figures 10 and 11, respectively. Generally, the sea breeze blows in the daytime; however, on September 3, 
2005, the blowing of sea breeze started slightly late. Figure 12 shows the observation results of wind vectors 
unified three times movement observation in the case of the west wind direction at Osaka meteorological 
observatory. The wind velocity at the Junction is almost similar to that at the observatory. On the other hand, the 
wind velocity at the Railway line is low, and the wind direction is opposite to that of the upper wind. However, the 
wind velocity at the observation point on Neyagawa River is comparatively higher. At the Planning road, the wind 
direction is almost identical to that at the observatory; however, the wind velocity is lower than that at the 
observatory. The wind velocity is low in the low-rise area. 
The observation results of the wind velocity and direction at each observation point and the relationship between 
the wind velocities at Osaka meteorological observatory and other points are shown in figures 13 and 14, 
respectively. 
The wind velocity at the Junction is almost similar to that at the observatory. However, despite the fact that the 
upper wind velocity is high, the wind velocity at the other observation points is maintained at a lower value of 
approximately 1 m/s. In other words, the wind velocity in the lee side of the high-rise buildings is not influenced by 
the upper wind velocity. 
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Figure 1 Observation sites in Osaka city  Figure 2 Observation points around the high-rise area 

 

 
Figure 3 High-rise area  Figure 4 Middle-rise area  Figure 5 Low-rise area taken on the planning road  Figure 6 Low-rise area 

 
Table 1 Observation device and interval of wind velocity measurement at each observation point 

Observation point               Device        Interval 
Junction (fixed)               2-dimensional supersonic wave anemometer   10 min average; 5 s sampling 
Planning road (1 fixed, 2 moving)   Propeller-type and 3-cups-type anemometer   10 min average; 5 s sampling 
Railway line (fixed)              2-dimensional supersonic wave anemometer   10 min average; 5 s sampling 
Low-rise area (moving)              Hot-wire type anemometer and smoke tester    1 min average for 10 times 
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Figure 9 Relationship between the wind velocities at the observatory and in the street (Left: in the east-west street 
of the middle-rise area; Center: in the north-south street of the high-rise area; Right: in the east-west street of the 

high-rise area) 
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Figure 12 Observation results of wind vectors unified three times movement observation in the case of west wind 

direction at Osaka meteorological observatory 
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3. NUMERICAL SIMULATION 
 
3.1. Numerical model and calculation conditions 
 
We used a standard K-e type model as the turbulence model. The observation data collected at Osaka 
meteorological observatory is used to compute a log-low vertical profile for the inflow condition; a constant value 
is maintained for the upper side, while a free condition is maintained for the lee side. A standard log-low horizontal 
profile is computed for the ground and wall boundary, and a cyclic condition is maintained for both sides. The 
calculation meshes of the horizontal and vertical sections are shown in figure 15. Information on the building form 
and height is obtained from GIS data. A west wind direction and a wind velocity of 3 m/s at a height of 26 m (at 
Osaka meteorological observatory) are used as the upper wind conditions. 
 
3.2. Calculation result 
 
The calculation result is shown in figure 16. In the high-rise area, the flow of wind is hindered by buildings 
although the wind velocity is high. In the lee side of the high-rise buildings, the wind velocity is low. It is 
considered that the momentum flux of the inflow is lost due to the resistance of the high-rise buildings. This 
influence extends to the air in the upper layers in the lee side of the high-rise buildings. We consider that the 
reduction in the momentum flux of the air in the upper layers causes the flow of wind in the lee side of the high-
rise buildings to weaken. 
 

   
Figure 15 Calculation meshes of the horizontal and vertical sections 

 

  
Figure 16 Calculation result (Left: Horizontal wind at 2.5 m height; Center: Vertical wind; Right: Vertical profile)  

 
4. SUMMARY 
 
Based on the observation results, we conclude that the air temperature in the high-rise area is lower than that in 
the middle-rise area. One reason for this is assumed to be the difference in the wind velocities of these two areas. 
Further, it is confirmed that a weak wind area exists in the lee side of high-rise buildings. Based on the calculation 
result, we consider that the weak wind areas in the lee side of the high-rise buildings are created due to the 
combined resistance of the high-rise buildings to the momentum flux of the air in the upper layers over the lee 
side of these buildings. 
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POTENTIAL OF USING SEA BREEZE FROM TOKYO BAY FOR NATURAL 
VENTILATION IN BUILDING 
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Abstract 
 
Estimation of the potential of sea breeze for natural ventilation in buildings was carried out using 
a canopy model combined with a meso-scale meteorological model. The definition of the sea 
breeze potential is the difference between hourly effective (∆Peff) and required (∆Pr) pressure 
differences on building walls. In this study, the effective pressure difference (∆Peff) induced by 
wind force was calculated in the Tokyo urban area.  
 
Key words: natural ventilation, canopy model, heat island 
 
 
1. INTRODUCTION  

High temperature in an urban area (Urban heat island: UHI) causes huge energy consumption 
mainly due to air conditioning systems. For the mitigation of UHI, many countermeasures have 
been proposed. In the Tokyo metropolitan area, a sea breeze from Tokyo Bay blows and it may 
be possible to use it for mitigation of UHI. To reduce anthropogenic heat release, introducing sea 
breeze into buildings is one possible method. For this purpose, estimation of the potential of sea 
breeze for natural ventilation was carried out. According to LL..  YYaanngg  eett  aall..  ((22000055)),, the definition of 
natural ventilation potential is given as the difference between hourly effective (∆Peff) and 
required (∆Pr) pressure differences on building walls. The effective pressure difference (∆Peff) 
induced by wind force is obtained from the difference of wind pressure coefficients between 
windward and leeward walls, while the required pressure difference (∆Pr) is determined from the 
ventilation rate that would maintain acceptable indoor air quality and thermal comfort. The 
calculated potential of sea breeze shows that if ∆Peff – ∆Pr is positive, it is possible to realize 
acceptable indoor environment without much energy consumption by air conditioning systems. In 
this study, as a first step, we estimated ∆Peff in an urban area using a canopy model combined 
with a meso scale meteorological model.   
 
2. METHOD OF EVALUATION   

Simple methods for the evaluation of natural ventilation potential are proposed by 
GG..VV..FFrraaccaassttoorroo  eett  aall..  ((22000022))  aanndd  LL..  YYaanngg  eett  aall..  ((22000055)). In this study, the method of LL..  YYaanngg  eett  aall..  
((22000055)) was adopted for the calculation of effective (∆Peff) pressure difference:  

20

0

0

1618
vC

T

TgH
P peff ∆+

∆
=∆ ρρ

 

 
where ρ0 is air density, H is a building height. T0 is the outside temperature, T∆  is the difference 
between the inside and outside of the buildings. ( )pSpN CCCp −=∆  is the difference of wind 

pressure coefficient (Table 1) between windward and leeward building walls. The first term on the 
RHS shows the pressure difference induced by buoyancy, while the second term shows the 
pressure difference induced by the wind speed (v) at the top of the building. In this study, only the 
pressure difference caused by the wind speed is considered.   
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Table 1 Wind pressure coefficient at north and south surfaces of building (Note: North wind is 0°) 
θ° 0 45 90 135 180 225 270 315 
Face N 0.5 0.25 -0.5 -0.8 -0.7 -0.8 -0.5 0.25 
Face S -0.7 -0.8 -0.5 0.25 0.5 0.25 -0.5 -0.8 
 
 
3. MODEL SETTINGS 

TToo  eessttiimmaattee  ∆Peff,,  aa  ccaannooppyy  mmooddeell  ddeevveellooppeedd  bbyy  KKoonnddoo  eett  aall..  ((22000055))  wwaass  uusseedd..  TThhiiss  mmooddeell  iiss  aa  
ppaarrtt  ooff  aa  mmeessoossccaallee  mmeetteeoorroollooggiiccaall  mmooddeell..  IInn  tthhiiss  ssttuuddyy,,  ssoommee  aassssuummppttiioonnss  ffoorr  tthhee  ccaannooppyy  mmooddeell  
wweerree  sseett::  

--  AAvveerraaggee  bbuuiillddiinngg  hheeiigghhtt  ((77mm))  aanndd  wwiiddtthh  ((1144..77mm))  iinn  aallll  cciittyy  bblloocckk  wwaass  ggiivveenn..  
--  WWiinnddoowwss  ffaaccee  oonnllyy  nnoorrtthh  aanndd  ssoouurrtthh..  

        --  CCaallccuullaattiioonn  ppeerriioodd::  1122::0000  JJuullyy  2266,,  22000044  ((JJSSTT))    ––  66::0000  AAuugguusstt  22,,  22000044  ((JJSSTT))  
  
4.RESULTS 

FFiigguurree  11  sshhoowwss  tthhee  ttiimmee  sseerriieess  ooff  wwiinndd  ssppeeeedd  aanndd  ∆Peff..  IInn  tthhee  wwhhoollee  ccaallccuullaattiioonn  ppeerriioodd,,  wwiinndd  
ssppeeeedd  vvaarriieedd  ffrroomm  22  ttoo  88((mmss--11))..  aanndd  aallssoo  ∆Peff  wwaass  wweellll  ccoorrrreellaatteedd  wwiitthh  wwiinndd  ssppeeeedd..  SSiinnccee  tthhee  
sseeaa  bbrreeeezzee  uussuuaallllyy  bblloowwss  ffrroomm  tthhee  ssoouutthh,,  ooppeenniinngg  wwiinnddoowwss  ffaacciinngg  ssoouurrtthh  aanndd  nnoorrtthh  mmaayy  bbee  
eeffffeeccttiivvee  ffoorr  nnaattuurraall  vveennttiillaattiioonn  iinn  bbuuiillddiinnggss..    
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Fig. 1 Time series of wind speed and effective pressure difference. 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

526



0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

∆ Peff (Pa)

c
u
m
u
la
ti
ve
 f
re
qu
e
n
c
y

0.25[Pa]

0.5

  Figure 2 shows the cumulative frequency distribution of ∆Peff..  This figure can be used to 
estimate required pressure difference (∆∆PPｒｒ). For example, if 50% of a specific period for natural 
ventilation in building is assumed, less than 0.25(Pa) of ∆∆PPｒｒ  wwoouulldd  bbee  rreeqquuiirreedd..    
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 cumulative frequency distribution of effective pressure difference 
 
 
References 

Frascastoro, G.V., G. Mutani, M. Perino, (2001). A simple tool to assess the feasibility of hybrid 
ventilation systems. 4th International Conferenceon Indoor Air Quality, Ventilation & Energy 
Conservation in buildings - IAQVEC 2001, 2-5 October 2001, Changsha, Hunan, China. 

Kondo, H., Y. Genchi, Y. Kikegawa, Y. Ohashi, H.Yoshikado, and H. Komiyama, 2005: Development 
of a multi-layer urban canopy model for the analysis of energy consumption in a big city: Structure of 
the urban canopy model and its basic performance. Bound-Lay. Meteorol.,116, 395-421. 
 
Lina Yang, Guoqiang Zhang, Yuguo Li and Youming Chen (2005). Investigating potential of natural 
driving forces for ventilation in four major cities in China. Building and Environment, 40, (6), 738-746. 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

527



UHI AND BUILDINGS – EFFECT OF URBAN HEATING ON THE ENERGY USE  
IN COMMERCIAL BUILDINGS IN A WARM-HUMID CITY 

Hans Rosenlund* Erik Johansson*, Rohinton Emmanuel** 
*Lund University, Lund, Sweden; **University of Moratuwa, Moratuwa, Sri Lanka 

Abstract 
Urban climate is affected, not only by the global warming, but by urbanization itself; the so-called Urban Heat 
Island (UHI) effect. This has an adverse effect on thermal comfort and energy use. This paper studies the 
influence of these processes on the cooling energy load of a commercial building in the warm-humid climate of 
Colombo, Sri Lanka. At 3°C nocturnal UHI warming the increase in energy use is 16%, while at the same level of 
general warming the increase is as high as 34%. A combination of UHI and general warming results in 51% 
higher energy use. Two improvements to the building design are studied: roof insulation and decreased 
ventilation rate. The first is more efficient, the latter is less sensitive to climate change, and a combination of the 
two gives the best result. 

Keywords:  UHI, climate change, building energy use, computer simulations, hot-humid climate 

1. INTRODUCTION 
There is no longer any doubt that urban climate generally gets warmer over time, not only due to the global 
warming but also to urbanization itself; the so-called Urban Heat Island (UHI) effect. The consequences for 
already warm regions, into which most poor countries fall, are manifold.  

Reduced thermal comfort outdoors and in passive (non-air-conditioned) buildings, of which a majority is 
housing, lead to fatigue and heat-related diseases. The consequences are lower performance of the urban 
population and thus an economic loss – at individual as well as national levels (Johansson et al, 2006). Many 
warm cities are today at the limit of night comfort – a threshold for introducing cooling of housing which will lead to 
much increased energy use. 

The energy use of actively cooled buildings increases in order to compensate for the UHI and to maintain 
indoor comfort. Excess heat is dissipated outdoors, aggravating the UHI and thus creating a vicious circle of 
increasing heat load to the building. The cost for this cooling increases, not only by the additional energy use, but 
also by increasing energy prices.  

This paper presents a preliminary study of the influence of nocturnal UHI and general warming on the cooling 
load of a typical commercial building block in central Colombo, Sri Lanka. 

2. METHOD 
In a parametric study, using the dynamic thermal simulation software Derob–LTH (Kvist, 2000), the effect of 
increased outdoor temperatures on the building’s energy use for cooling is studied. The calculations only include 
sensible heat, and energy loads are output energy, i e not including any coefficient of performance (COP) of 
cooling equipment. 

2.1. Climate 
Colombo, Sri Lanka (6,9°N, 79,9°E, 7 m altitude), has  a yearly average air temperature of 27.4°C, normal ly 
varying between 23.4°C (January) and 30.5°C (March and May). The average relative humidity is 79%, varying 
between 62% and 92%. The global solar radiation is 1,994 kWh/m²year on horizontal surface, varying from 
138 kWh/m²month in January to 208 kWh/m²month in October. Rainfall is 2,404 mm/year with peaks in May and 
October. Average wind speed is 1.9 m/s with low seasonal variations, and mostly NW to SW. 

A Design Reference Year (DRY) was generated with the Meteonorm software (Meteotest). In a study of urban 
climate in Colombo, Johansson et al (2004) showed that UHIs of up to 3°C occur during clear nights. Also 
daytime warming is a problem in parts of the city (Emmanuel et al, 2006). 

In the present study, two models were used to generate the increase in temperatures: 

� Nocturnal UHI warming : Air temperature of the DRY climate file was increased gradually from 16:00, to 
a maximum increase at 02:00, and then decreased until 13:00. The presence of “cool islands” in certain 
parts of the city during the day and a more uniform heat island during the night justifies this assumption. 

� General (or ‘global’) warming : The DRY climate file’s temperatures were generally increased at all 
hours, thus creating nocturnal as well as diurnal warming. 

In each model the warming was generated for three cases with 1, 2 or 3°C temperature increase respecti vely. 
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2.2. Building 
The studied commercial building is assumed to be one of many identical blocks, separated by streets in N–S and 
E-W directions, see Figure 1. The streets have a height/width ratio, H/W=2 and surrounding buildings are 
modeled as shading screens without thermal properties.  

 
Figure 1: Computer model of the commercial building and its surrounding buildings represented by shading screens. 

The building is 32×32 m² with four storeys, each 4 m high. Out of each facade area 25% are single-glazed 
windows. The building envelope is of 225 mm brick with an internal layer of 15 mm mortar, and externally, on 
purlins, aluminum sandwich panels filled with 6 mm polystyrene insulation. Roof and intermediate slabs are made 
out of 150 mm reinforced concrete. The ground slab is equally a 150 mm concrete slab on the ground (0.5 m 
earth is included in the thermal model). The thermal properties of the building materials are found in Table 1. 
Surface absorptance is 50% for walls and ceilings, and 70% for floors and roof. The emittance is 25% for the 
aluminum panels and 87% for other surfaces. 

Internal heat loads are typical for office activities: the load from about 50 persons, 25 computers and lighting 
per floor is estimated to 20 kW (about 20 W/m²) during office hours 08–17 five days per week. During this time the 
building is air-conditioned at a maximum temperature of 26°C. Air infiltration is constantly 1 air chan ge per hour 
(ach). 

Table 1: Thermal properties of building materials. (Sources: Derob software and Rosenlund, 2001) 

 Conductivity 
W/mK 

Specific heat 
Wh/kgK 

Density 
kg/m³ 

Concrete 1.28 0.26 2 100 
Brick 0.50 0.20 1 300 

Mortar 0.93 0.29 1 800 
Polystyrene 0.03 0.40 40 
Aluminum 180 0.25 2 800 

Earth 1.40 0.22 1 300 

3. RESULTS AND DISCUSSION 
The results of the effects of nocturnal UHI and general warming are discussed separately below, and then 
compared. Finally, some tentative improvements to the building design are tested. 

3.1. Effects of nocturnal UHI 
The yearly energy load of the existing building varies from 85 kWh/m² in the ground floor to 116 kWh/m² in the top 
floor, with an average of 96 kWh/m², see Figure 2a. The effect of the nocturnal warming is evident, even for this 
building without night-time air-conditioning. At the level of 3°C nocturnal UHI, the ground floor uses 100 kWh/m² 
and the top floor 133 kWh/m², with an average of 112 kWh/m².  

The energy use of the top floor is considerably higher than the other floors. This is partly due to its poorly 
insulated roof, transferring a lot of heat from solar radiation. However, the top floor is also less protected by 
surrounding buildings, resulting in higher insolation through the windows. However, the effect of the UHI increase 
is relatively lower, since this is more or less proportional to the temperature increase, having the same effect on 
all storeys. 
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Figure 2: Yearly cooling load of the four storeys of the building as a function of the a) nocturnal, and b) general, warming. 

3.2. Effects of general warming 
The effect of a general temperature increase is similar to that of the nocturnal UHI, see Figure 2b. However, the 
magnitude is higher than in the previous case. 

The more accentuated effect of the general warming compared to the nocturnal UHI is due to the fact that the 
full warming effect also occurs within the air-conditioning period. Furthermore, the top floor effect is relatively 
lower, for the same reasons as mentioned above. 

3.3. Comparison 
For a day-time air-conditioned office building, the effects of climate change is evident, see Figure 3. While the 
nocturnal UHI effect results in 16% higher cooling energy use at 3°C warming, the effect of general wa rming is 
more than double; 34%. The increase in cooling load is nearly proportional to the temperature increase.  

A simulation was also run with the combination of general and UHI warming, and the result shows 51% 
increase at 3°C warming. Thus the effects of genera l and UHI warming could more or less be added. 
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Figure 3: Yearly cooling load increase of the entire building as a function of nocturnal and general warming. 

3.4. Building improvements 
One obvious strategy to generally decrease the cooling load is to insulate the roof to reduce the influence of solar 
heating on the top floor. An external layer of 50 mm polystyrene has therefore been added to the roof. Another 
strategy to protect from increased outdoor temperatures would be to decrease the ventilation rate. A rate of at 
least 0.5 ach is required in this case due to health reasons. A combination of these improvements is also 
investigated. The effect at no warming, and 3°C noc turnal and general warming respectively, is shown in Figure 4. 

However, even if the improvements lead to savings, the roof insulation case is still as sensitive to climate 
changes, since these are independent of solar radiation. The best improvement is if the roof insulation is 
combined with decreased ventilation, see Figure 5. It is also evident that with increased night temperature, the 
potential of structural cooling by increased night ventilation gradually disappears. 
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Figure 4: Yearly cooling load of the building with proposed improvements as a function of the nocturnal and general warming. 
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Figure 5: Yearly cooling load increase of the improved building as a function of a) nocturnal, and b) general, warming. 

4. CONCLUSIONS 
Climate change affects the built environment, especially in urban areas where the UHI effect is accentuated. A 
typical office building in Colombo, Sri Lanka shows an increased cooling energy load of 16% for a 3°C n octurnal 
UHI, and 34% for a general 3°C temperature increase . 

Proposed improvements to the building design show that roof insulation saves energy, and if combined with 
decreased ventilation also reduces the building’s sensitivity to climate change. 

Further investigations should be made for other design improvements. 

References 

Emmanuel R, H Rosenlund & E Johansson, 2006: Urban morphology manipulation to promote climate sensitive 
urban design in the tropics: reflections on Colombo, Sri Lanka. Paper presented at ICUC6 – 6th International 
Conference on Urban Climate. Göteborg, Sweden, June 12-16, 2006 (these proceedings). 

Johansson E, R Emmanuel & H Rosenlund, 2004: Microclimate and thermal comfort in the warm humid city of 
Colombo, Sri Lanka. In: PLEA2004 – The 21st Conference of Passive and Low Energy Architecture. 
Eindhoven, The Netherlands, 19–22 September 2004. 

Johansson E, R Emmanuel & H Rosenlund, 2006: The influence of urban design on outdoor thermal comfort in 
the hot-humid city of Colombo, Sri Lanka. Paper presented at ICUC6 – 6th International Conference on Urban 
Climate. Göteborg, Sweden, June 12-16, 2006 (these proceedings). 

Kvist H, 2003: DEROB-LTH – User Manual. Department of Energy & Building Design, Lund University, Lund.  

Meteotest: Meteonorm, version 5.1. Climate database software. http://www.meteotest.ch  

Rosenlund H, 2001: Climatic Design of Buildings using Passive Techniques. Building Issues 2000/1. Housing 
Development & Management, Lund University, Lund. 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

531



Evaluation of Spatial Distribution of Passive Cooling Effects  
by Cross-Ventilation inside a City based on Numerical Analyses  

of Outdoor and Indoor Climates 
 Akashi Mochida*, Hiroshi Yoshino*,  Teruaki Mitamura** 

 Kengo Takahashi*, Satosi Miyauchi***, Tomohiro Yoshida****, 
*Tohoku University, Sendai, Japan, **Ashikaga Institute of Tecnology, Tochigi, Japan 

***Tohoku Electric Power Company, Sendai, Japan, ****Tokyo Electric Power Company, Tokyo, Japan  
 
 
Abstract 
 
This study aims to evaluate the natural potential of outdoor climate for improving the indoor climate and reducing 
the energy consumption for space cooling of buildings by utilizing passive cooling methods, such as cross-
ventilation, solar shading by trees etc. Since the passive cooling effects are strongly affected by the spatial 
distributions of airflow, air temperature and radiative heat transports around buildings, the microclimate around 
buildings should be accurately predicted. For this purpose, a new simulation system integrated with the simulation 
methods for analyzing mesoscale and microscale outdoor climates, indoor climate and cooling load of buildings 
was proposed. In the new developed simulation system, the regional characteristics of local climate were 
incorporated into the simulations and the effect of regional characteristics of local climates inside a city on the 
performance of cross-ventilation in residential houses was numerically investigated in this study. 
 
Key words: CFD, Microscale climate, Mesoscale climate, regional characteristics, Passive Cooling, Cross-
Ventilation 
 
1. INTRODUCTION  
 
Cross-ventilation and solar shading are the conventional methods adopted for improving the indoor thermal 
environment. Nowadays, however, such passive cooling approaches are not widely utilized due to the 
uncertainties and limitations of cooling effects of these methods under unfavorable climatic conditions, the active 
control air-conditioning system is usually preferred instead. However, the recent increase in public concern about 
global warming has significantly changed this situation. The passive cooling methods are now regaining attention 
as a measure for sustainable building design. 
The main aim of this study is to evaluate the natural potential of outdoor climate for improving the indoor climate 
and reducing the energy consumption for space cooling of buildings by utilizing passive cooling methods, such as 
cross-ventilation, solar shading by trees etc. 
 
2. SYNTHESIZED ANALYSES OF MESO-MICRO AND INDOOR CLIMATES   
 
In the prediction of the indoor thermal environment and the heat load, meteorological data of each city obtained 
from weather station are usually utilized as meteorological conditions. However, there existed considerable 
differences in the local climate of each region inside a city (cf. Fig.1). Thus, it is necessary to consider the regional 
characteristics of meteorological conditions inside a city in order to improve the accuracy in the prediction.  

 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 1 Horizontal Distributions of  

Wind Velocity Vectors and Air  
     Temperature in Sendai  
 (1:00 p.m., at 10m height) [1] 

  
 Fig. 2 Outline of Synthesized Analyses of Meso-Micro and Indoor Climates 
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2.1. Outline of Synthesized Analyses 
 
Fig.2 illustrates the flowchart of the new developed simulation system. The simulation procedure consists of three 
phases as follows; Phase 1: The regional characteristics of meteorological conditions in the city are firstly 
quantified by the numerical analysis of mesoscale climate, and the results are then employed as the boundary 
conditions for the microscale climate analysis. Phase 2: Microclimate around buildings is analyzed by CFD and 
radiation computations [2 - 4]. Phase 3: The cooling load is calculated, using the values of incoming solar 
radiation onto the building walls under the shade of trees obtained by the radiation computation and the cross-
ventilation rates predicted by CFD computation as boundary conditions, by the transient energy system simulation 
tool “TRNSYS” [5]. 
 
2.2. Calculation method of air change rates 
 
The air change rate, as input data for TRNSYS, is calculated using normalized air change rate Q* and 
representative wind velocity V0. Q* are calculated by CFD simulations under eight wind directions. Here, it is 
assumed that the buoyancy effect is negligible and the Q* values would not vary according to the changes of wind 
velocity and air temperature, so that Q* values could be treated as only the function of wind direction and ground 
roughness of the surrounding areas. The representative wind velocity V0 at the height of 60m is given from the 
result of mesoscale analysis. The wind velocity at the height of the opening at inflow boundary is calculated by 
assuming the log law profile of wind velocity. In addition, the roughness length z0 in each region is set based on 
the land-use data which are the same values adopted in the analysis of mesoscale climate. In this study, Q* is 
defined as follows, 
 

)/(* 0),(
0

VAQQ CFDZWd ⋅=  (1) 

 
Then, Q(t) is evaluated using the following relation. 
 

)(0),()(
0

* tZWdt VAQQ ⋅⋅=   (2) 

 
Where, Q* (Wd,Z0)= Normalized air change rate[-] (Wd: wind direction, Zo: roughness length),  
QCFD = Air change rate by CFD simulation [m3/s], A = Opening area [m2], 
 V0 = Representative wind velocity [m/s] (Wind velocity at the height of the opening on inflow boundary),  
Q(t) = Air change rate at time t [m3/s], 
V0(t) = Representative wind velocity at time t [m/s] (i.e. the wind velocity which is corrected, from the result of 
mesoscale simulation at the height of 60m, to at the opening height) . 
 
2.3. The Effect of shading by Trees 
 
The effects of solar shading on indoor climate and cooling load were evaluated based on the computations 
resulting from “TRNSYS”. The “Reduction Ratio of Solar Radiation” is defined as the ratio of solar radiation onto 
building walls under the influences of the shades of trees and surrounding buildings to the solar radiation under 
the conditions without the influences of the shades. This ratio was evaluated from the unsteady heat balance 
analysis based on the results of radiation and conduction computations. The other reduction ratios of global solar 
radiation, direct solar radiation, sky radiation and reflected solar radiation were calculated based on the radiation 
analyses. Since these reduction ratios changed in accordance with the change of solar position, the hourly 
reduction ratios of one day were calculated [6].  
 
3. EVALUATION OF CROSS-VENTILATION POTENTIAL IN SENDAI CITY 
 
The influence of regional characteristics of local climates inside Sendai 
city of Japan on the performance of cross-ventilation in residential houses 
was examined from the viewpoints of the indoor thermal environment and 
the cooling load based on the simulation system developed in this study.   
 
3.1. Outline of numerical analysis of mesoscale climate 
 
Numerical analyses of mesoscale climate in and around Sendai city of 
Japan were carried out. As shown in Fig.3, Sendai city is located on 
about 300km North-East of Tokyo and faces the Pacific Ocean. Sendai is 
the core city of the Tohoku district in Japan and the population of Sendai 
is around one million. Three-stage nested grid was adopted [1]. The 
Mellor and Yamada 2.5 level turbulence closure model [7] was employed 
in this study. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 The Location of 
Sendai City in Japan 
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3.2. Outline of CFD analyses for the evaluation of Q* 
 
Fig.4 shows the model building used in this study. Wind velocity 
profiles at the inflow boundary were given by the logarithmic law 
containing the roughness length Zo. To consider the difference of 
vertical velocity profile in each region, the roughness length Z0 
was classified into three groups as shown in Table.1. Twenty-four 
values of Q* for eight wind directions and three roughness length 
Zo were calculated by CFD simulations. The computational 
domain covers an area of 108m(x: west-east direction)×106m(y: 
north-south direction)×60m(z: vertical direction). This domain was 
discretized into 48(x)×40(y) ×35(z) grids. The generalized log law 
was applied for the boundary conditions at the building walls and 
ground surface. The revised k-ε model proposed by Durbin [8] 
was employed.  
  
3.3. Computed cases using TRNSYS 
 
Fig.5 shows the region, 16.5km in east-west and 15km in north-
south, considered in this study. This domain was divided into 130 
sub-domains. The cooling loads of the model building shown in 
Fig. 4 were then evaluated in turn for each of 
these 130 domains by TRANSYS.  Here, the 
results of numerical analysis of mesoscale 
climate were utilized as the input data of 
meteorological conditions for TRNSYS. The 
simulation was carried out using the same 
meteorological conditions for 6 days. 
Furthermore, Q(t) was estimated from Eqn. (2) 
using the results of the numerical analysis of 
mesoscale climate and CFD. Q* were selected 
according to the land-use conditions. The 
cooling load of the last day in Room 1 was 
compared here. The date of the analysis was 
a typical fine days in early August. 
Table.2 lists all the cases investigated in this 
study. The cooling loads under various 
conditions were calculated. Case 1 indicates 
that air conditioning was performed all day, 
while Case 2 indicates that cross-ventilation 
was performed all day. Case 3 was the case 
where air conditioning was performed when 
SET* values became higher than the upper 
limit of comfort range (SET*>27oC) in the 
results of Case 2, and cross-ventilation was 
performed when air conditioning was not 
performed. Case 4 was the test case that 
relaxed the condition in consideration of the 
human thermal adaptation.  
 
3.4. Results 
 
Fig.6 shows the spatial distribution of cooling 
load integrated over one day in Case1. The 
cooling load was small in the area near the 
coast, and it increased from the center of the 
city to the direction of the northwest. 
Fig. 7 illustrates the time variations of spatial 
distributions of cross-ventilation rates in Case 
2. The cross-ventilation rates in the area near 
the coast were generally high during daytime. 
Fig. 8 shows the spatial distribution of SET* 
values in Case 2. The SET* values was 

 
 
 
 
 
 
 
 

Fig. 4 Plan of the computational building 

Table. 1 Normalized air change rate Q*  [-] 
 
 
 
 
 
 
 

Table. 2 Computed test case 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 Fig. 6 Spatial distribution of cooling 
 Fig. 5 Computational domain load integrated over one day (Case 1) 
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Fig. 7 Spatial distribution of cross-ventilation rates (Case 2) 
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relatively low in the area near the coast due to the 
sea breeze during daytime. 
Fig. 9 compares the spatial distribution of total 
periods when the cross-ventilation is performed in 
Cases 3 and 4. The area where the cross-ventilation 
can be used has extended because the upper limit 
value of SET* was relaxed in Case 4.  
Fig. 10 compares the spatial distribution of cooling 
load integrated over one day in Cases 3 and 4. The 
cooling loads of these cases were considerably less 
than those in Case 1 where air conditioning was 
performed all day long. 
Fig. 11 shows the reduction ratio of cooling load 
which is defined as the ratio of cooling loads in 
Cases 3 and 4 to the value in Case 1. The reduction 
ratio of cooling load was high in the area near the 
coast, this clearly indicated the effectiveness of 
cross-ventilation to reduce the energy consumption 
for space cooling in this area. 
 
4. CONCLUSIONS 
 
(1) A new simulation method, which combined 
numerical analysis of mesoscale climate, CFD 
method for microclimate around building, radiation 
computations, and heat load calculation (using 
TRNSYS), was developed to evaluate the spatial 
distribution of passive cooling method effects due to 
the cross-ventilation. 
(2) It was found that the effect of cross-ventilation 
was significantly large in the coastal areas of Sendai. 
The cooling load could be reduced by 50% ~ 90% in 
these areas by utilizing, appropriately, the passive 
cooling effect of cross-ventilation. 
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Fig. 9 Spatial distribution of total periods where  
cross-ventilation is performed (Case 3,4) 
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Fig. 10 Spatial distribution of cooling load 
 integrated over one day (Case 3,4) 
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Fig. 11 Spatial distribution of the reduction ratio 
of cooling load (Case 3,4) 
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Abstract 
  
Outdoor thermal environment represented by the urban heat island phenomenon has become worse in recent years due 
to the change in land covering and the increase in the artificial heat release that accompanies urbanization. In this paper, in 
order to clarify the influence of sensible heat flux from walls and artificial heat release from building for outdoor thermal 
environment in summer: 1) the impact factor indices of building itself and artificial heat release for outdoor thermal 
environment is developed; 2) these impact factor indices are examined in five cases which have different positions of 
artificial heat release and different building block patterns using couple simulation of Convection, Radiation and 
Conduction. 
 
Key words: impact factor index, artificial heat release, sensible heat flux 
 
 
1. INTRODUCTION  
 
Outdoor thermal environment represented by the urban heat island phenomenon has become markedly worse in recent 
years due to the change in land covering and the increase in the artificial heat release that accompanies urbanization. 
An artificial coating for ground of urban area, the ventilation obstacle and increasing absorption rate of solar radiation 
due to building ruggedness, and artificial release heat from building is considered as the important factors for heat-
island. It is very important that understand quantitatively the influence on the outdoor thermal environment by the heat 
flux from building walls and the artificial heat release from building for the investigation the mechanism that inferior 
outdoor thermal environment are formed. However, there is no example for the quantitative comparisons on thermal 
environment between influence by building’s existence and influence by the artificial heat release from building. In this 
research, the impact factor index on sensible heat flux from building walls and the artificial heat release from building for 
increasing air temperature in outdoor space is proposed. Moreover, the impact factor index on the differences of 
artificial heat release positions and building block patterns such as homogeneous or inhomogeneous on outdoor 
thermal environment is calculated using coupled simulation of radiation, convection and conduction. 
 
2. OUTLINE OF IMPACT FACTOR INDICES ON OUTDOOR THERMAL ENVIRONMENT 
 
The impact factor indices on outdoor thermal environment pays attention to the sensible heat flux in the outdoor space, and 
evaluates the influence given to air temperature formation of each point in open space according to distribution of increasing 
(or decreasing) air temperature caused by each heat source such as building wall, ground, and artificial heat release from 
building. In this research, the impact factor indices on outdoor thermal environment from building walls are defined as follows. 
The impact factor index on outdoor thermal environment of each building wall pays attention to the sensible heat flux in 
outdoor space, and evaluates the influence given to air temperature of each point in open space by each building wall. When 
the impact factor index of each building wall is calculated, first of all, CFD is analyzed as usual, and the spatial distributions of 
wind velocity and air temperature are calculated. Second, the distribution of wind velocity is fixed, the surface temperature of 
wall is raised by about ∆Twall, and only air temperature is calculated again. Then the impact factor index of each building wall is 
calculated by the expression (1) using new spatial distributions of air 
temperature obtained in second step calculation [Note1]. 

( )aii
walli

airj
j TT

T

T
imp −×









∆
∆

=            [�] (1) 

where, impj is the impact factor index at j cell, ∆Tairj is raising quantity of air 
temperature at j cell, ∆Twalli is raising quantity of surface temperature at i 
wall (i = north wall, south wall, east wall, west wall, and roof), Ti is surface 
temperature at i wall (i = north wall, south wall, east wall, west wall, and 
roof), Tai is mean air temperature of the first cell in i wall neighborhood.  
Here, [∆Tairj/∆Twalli] means the raising quantity of air temperature 
around building when the surface temperature of wall rises at 1ºC. In 
this research, the impact factor index on outdoor thermal environment 
of building wall is defined to multiplying the remainder between the 
surface temperature of the wall and air temperature of wall 
neighborhood by [∆Tairj/∆Twalli]. 
The impact factor index on outdoor thermal environment of artificial 
heat release from building is calculated by changing amount of air 
temperature at each point in open space between the case that 

  Surface temperature Tw 
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The sensible heat 
flux q 

 
(1) Real environmental state 

  Surface temperature Tw+∆Tw 
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(2) Air temperature rise by heat source 

Figure 1 Concept of impact factor index 
on outdoor thermal environment 
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Figure 4 positions of artificial heat release entrances 

artificial heat release is considered and the case that artificial heat release is not considered. 
3. CASE STUDY ON EVALUATION OF OUTDOOR THERMAI ENVIRONMENT USING THE IMPACT FACTOR INDICES 
 
3.1. Analytical outline 
 
(1) Analysis Target: Figures 2 and 3 shows the building block models. There are two kinds of models: the block 
which is homogeneous middle-rise building is composed of the same shaped buildings (30m(L)×30m(W)×30m(H)), 
and the mixed block which is inhomogeneous with low-rise buildings and high-rise building. In mixed block, the mean 
height of building is same to middle-rise building block, it means same floor area ratio in two kinds of models. 
(2) Analytical date/time and weather conditions: 15:00 on July 23rd is targeted as the date for analysis. The sun’s 
altitude is 45.1º, the wind direction is south, the wind velocity is 3.0m/s at a height of 74.6m, and the air 
temperature and relative humidity are set at 31.6ºC and 58% [1]. 
(3) Analysis case: Table 1 shows analysis case. There are 3 cases for the block of homogeneous middle-rise building: case1 
is a case which artificial heat release is not considered (basic case), the artificial heat is released from the rooftop in case2, and 
the artificial heat is released from the ground in case3. For the inhomogeneous mixed block, there are two cases: case4 is a 
case which artificial heat release is not considered (basic case), the artificial heat is released from the roof in case5. Moreover, 
case1 and case4 is assumed to target to investigate the influence of sensible heat flux from the building walls on the outdoor 
thermal environment, and the impact factor index of each wall and the whole building are calculated.  
(4) Setting for building internal heat load and artificial heat release entrance: The energy consumption basic unit in the 
building was assumed to be 60W/m2 [2]. Architectural area of floor is 900m2 in the building; the architectural area of the 
building in each case becomes 4,500, 6,300, and 8,100m2 to the low-rise (five stories), middle-rise (seven stories), and 
high-rise (nine stories) respectively. Then, the energy consumption for one building (artificial heat release) becomes 270, 
378, 486kW respectively. Figure 4 shows the position of the artificial heat release entrance. There are four places artificial 
heat release entrances set to the ground adjacent to each wall in the building in case3, the area of an entrance is assumed 
to 16m2(4×4m), total area of four places becomes 64m2. Moreover, artificial heat release entrances is set to the rooftop for 
one place 64m2(8×8m) in case2 and case5. The heat flux at the artificial heat release entrances becomes 4.219kW/m2, 
5.092kW/m2, and 7.594kW/m2 in low-rise (five stories), middle-rise (seven stories), and high-rise (nine stories) respectively. 
 
3.2. Analytical result 
 
(1) Wind Velocity Distribution: Figure 5 shows the horizontal distribution of the wind velocity vector at a height of 1.5m, 
Figure 6 shows the vertical distribution of the wind velocity vector in A-A’ section. Compared to basic case (case1, 
case4), the wind velocity is increasing in the cases which artificial heat is released from rooftop (case2, case5). This is 
considered that the heat flux of the artificial heat release entrances warms air in the surrounding region, and a rising air 
flow is generated. The wind velocity in case4 is slow than that in case1 and the circulation flow strengthens in the back 
of the low-rise building in case4.  
(2) Air Temperature Distribution: Figure 7 shows the 
horizontal distribution of the air temperature at a height of 
1.5m, Figure 8 shows the vertical distribution of the air 
temperature in A-A’ section. Compared to case1, though air 
temperature increase locally in Canyon space, air 
temperature decrease in a lot of areas in case2. This is 
considered that the cool air in the sky flowed in dwelling 
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Figure 2 Analysis target 
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Figure 3 Analysis region 
Table 1 analysis cases 

homogeneous middle-rise building block inhomogeneous mixed block (low-rise and high-rise building ) 
case1 artificial heat release is not considered (basic case) case4 artificial heat release is not considered (basic case) 
case2 the artificial heat is released from the rooftop 
case3 the artificial heat is released from the ground 

case5 the artificial heat is released from the ground 
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 (3) case4 (1) case1  
Figure 5 horizontal distribution of wind velocity vector (height 1.5m) 
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Figure7 horizontal distribution of air temperature (height 1.5m) Figure8 vertical distribution of air temperature (A-A’ section) 

Table 2 the mean surface temperature of each wall and the amount of sensible heat flux from building walls 
 North South East West Rooftop Entire building 

Mean surface temperature [ºC] 34.53 36.59 34.48 52.38 52.39  

Artificial heat 
release 

Mean surface temperature [ºC] 
(by the Monte Carlo method[1]) 35.40 37.70 35.60 53.00 �   

Sensible heat flux [kW] 6.59 19.81 13.13 108.44 115.34 263.31 378�case2� 

 

region because the mixture between the sky and bottom is generated by strengthens circulation flow and increasing 
wind velocity in whole region. On the other hand, compared to case4, the increasing air temperature is seen in most 
area, especially the back of the low-rise building. It because that the released heat from the rooftop of low-rise was 
brought in downward by circulation flow in Canyon. 
(3) Comparison of Amounts of Sensible Heat Flux from Each Wall of Building: Table 2 shows the mean surface 
temperature of each wall and the amount of sensible heat flux from building walls in case1. The total amount of sensible 
heat flux from walls of one building is 263.31kW, and small than artificial heat release 378kW from one building. 
(4) Impact Factor index on Outdoor Thermal Environment Distribution: The horizontal distribution and vertical 
distribution of the impact factor index on outdoor thermal environment of the artificial heat release from the building are 
shown in Figure 7 and 8, and the horizontal distribution and vertical distribution of the impact factor index on outdoor 
thermal environment of the building walls are shown in Figure 9 and 10. Table 3 shows mean impact factor index of 
building walls and artificial heat release (The average value in a vertical section is assumed to be an average value from 
ground to 30m because this research pay attention to Canyon space). For the impact factor index of building walls, 
compared to case1, the impact factor index of west wall and rooftop increase in case4. In the cases (case2, case3, case5) 
of the artificial heat release is considered, the impact factor index in case3 is biggest in three cases; the impact factor index 
in case2 is -0.032ºC, and it is thought that the cool air in the sky flowed in dwelling region because the mixture between the 
sky and bottom is generated by strengthens circulation flow; the impact factor index in case5 is 0.354ºC in the vicinity of 
ground (height 1.5m), and it is as about 40% of impact factor index in case3 which artificial heat is released from the 
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(4) case5 

Figure 6 vertical distribution of wind velocity vector (A-A’ section) 
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ground, this is considered that artificial heat released from rooftop is 
flowed in Canyon space with circulation flow caused by 
inhomogeneous building height. For all of cases, though the situation 
that case3 have a high impact factor index (0.863ºC) can be imagined, 
the impact factor index of entire building walls is shown by same level 
(0.888ºC) in case4, and the influence of the entire building wall become 
large according to form of building block open space. 
 
4. CONCLUSIONS 
 
(1) The impact factor indices of building itself and artificial heat 
release for outdoor thermal environment is developed. these 
impact factor indices are examined in five cases which have 
different positions of artificial heat release (such as on the roof or 
at the ground) and different building block patterns (such as 
homogeneous or inhomogeneous building complex) using couple 
simulation of Convection, Radiation and Conduction. 
(2) In the case which artificial heat is released from ground, there 
is a high impact factor index, and a large influence on outdoor 
thermal environment is shown in this case. While the impact factor 
index of entire building walls is shown as same level to above-
mentioned case by form of building block. Then we can see that 
influence by the sensible heat flux can not be bypassed.  
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Figure 7 The horizontal distribution of the impact factor index of the artificial heat release from the building (height 1.5m) 
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Figure 8 The vertical distribution of the impact factor index of the artificial heat release from the building (A-A’ section) 
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Figure 9 the horizontal distribution of the impact factor index of the building wall  
(height 1.5m) 
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Figure 10 the vertical distribution of the impact factor index of the building wall  

(A-A’ section) 

Table 3 Mean impact factor index [ºC] 
  Plan A-A’section B-B’section 

North 0.012 0.027 0.007 

South 0.027 0.062 0.019 

East 0.042 0.050 0.027 

West 0.088 0.078 0.137 

Rooftop 0.083 0.200 0.081 

M
iddle-rise 

building block 

(case1) 

Entire building 0.252 0.417 0.270 

North 0.035 0.034 0.030 

South 0.093 0.098 0.083 

East 0.074 0.049 0.053 

West 0.342 0.278 0.312 

Rooftop 0.344 0.428 0.400 

Inhom
ogeneou

s m
ixed block  

(case4) 

Entire building 0.888 0.888 0.878 

case2 -.032 0.095 0.004 

case3 0.863 2.078 0.476 

A
rtificial 

heat 

release 

case5 0.354 0.805 0.716 

Note 1) In the following, process of deriving for the impact factor index 
on outdoor thermal environment of building walls developed in this 
research is shown. The sensible heat flux from wall in real environmental 
state and the sensible heat flux by surface temperature rising to ∆ Twall

shown in Fig.1 are given by the expression (2) and (3) respectively. 

( )ai TTq −= α  (2) ( )'awalli TTTqq −∆+=∆+ α    (3) 

where, α  is convective heat transfer coefficient, Ta is air temperature 
at wall neighborhood. We can get the expression (4) from the 
expression (2) and (3). 

( )( )aawall TTTq −−∆=∆ 'α  (4) 

when it is can be assumed that the (Ta’-Ta) is very smaller than ∆ Twall, 
∆ q becomes the following expression (5). Moreover, if the linear of the 
temperature transportation equation when flow field is fixed is 
considered, the relation of the sensible heat flux from heat source 
(wall), contribution of air temperature at j point by heat source (=impj),
increase quantity of the sensible heat flux and rising quantityof air 
temperature at j point (∆ Tairj) can be given by expression (6): 

wallTq ∆=∆ α  (5) qTqimp airjj ∆∆= //           (6) 

then, the air temperature (impact factor index) at j cell in space can be 
calculated by expression (7) 

( ) ( )ai
wall

airj

ai
wall

airjairj

j TT
T

T
TT

T

T
q

q

T
imp −

∆
∆

=−×
∆
∆

=
∆

∆
= α

α
          (7) 

Sign: 
Ti : surface temperature of i wall 
∆ Twall : raising quantity of surface temperature at wall 
Ta : mean air temperature of the first cell in wall neighborhood 
Tairj : air temperature at j cell 
∆ Tairj : raising quantity of air temperature at j cell 
q : sensible heat flux from wall 
T’a : mean air temperature of the first cell in wall neighborhood after 

raising surface temperature of wall 
∆ q : increasing quantity of sensible heat flux from wall after raising 

surface temperature of wall  
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BRINGING TOGETHER THE URBAN CLIMATE RESEARCH AGENDA BEING 
PURSUED IN DIFFERENT INTERNATIONAL RESEARCH ORGANISATIONS TO 

DELIVER A MORE EFFECTIVE SCIENCE BASED APPRROACH TO URBAN AND 
BUILDING CLIMATOLOGY  

 
John Page 

University of Sheffield UK 
 
 
Abstract 
There are two important related WMO projects actively underway concerned with the fundamental reformulation 
and republication of the thirty year old WMO Technical Notes 150 on Building Climatology and Technical Note 
149 on Urban Climatology. The Author has responsibility for TN 150, which he first wrote 30 years ago. Gerald 
Mills of University College Dublin is rewriting WMO TN 149. We are helped by a WMO expert team on Urban and 
Building Climatology. Our target must be to suggest how to achieve strategic progress on urban and building 
climatology. Clearly there is a need to plan for  better joined up thinking than is being currently achieved if 
urbanism is benefit from the rapidly expanding pool of science based climate knowledge.  
 
Key words: Building, Urban, Photons 
 
1. INTRODUCTION  
 
Quite suddenly a substantial international interest has started to emerge concerning proper consideration of the 
role of climate in the future of urbanism. There are currently four main international groupings actively but 
separately concerned with various scientific activities relating to the application of climatology to the design of 
present and future urban settlements. Each of these groups seems to operate with relatively little awareness of 
the current scientific progress being achieved in the other groups. 
 
The four clearly identifiable international urban groupings are the renewable energy communities, the sustainable 
cities communities, the climate change communities and the urban science observation knowledge based 
communities.  
 
Additionally the climate disasters agenda recently has also come well into the international focus potentially inter-
penetrating all the above fields. The current danger here is that the human emotional experience raised by recent 
disasters has tended to force a move towards achieving more effective social and economic planning policies; 
forgetting improved climate knowledge is the essential foundation for making successful progress on disaster 
reduction.   
 
There is also the embedded health agenda, which clearly needs integration. Atmospheric pollution and thermal 
stress figure large in this urban health agenda assessment. There are also the issues of ultraviolet radiation. One 
can add malaria and dengue fever risk reduction. Dealing safely with urban rainfall is another health issue. 
 
Our WMO Technical Notes have to be written with a clear view of the target audience. WMO by organisational 
function directs its messages primarily towards meteorologists. Unfortunately most people concerned with urban 
planning have little knowledge of climatology. Most Meteorologists have little understanding of urban design 
issues. How  then do we create the bridgesof understanding that will lead to climatology being viewed as a central 
element in city planning.? The first question to ask Is who are the experts? The second question to ask is How  
can their contribution be brought to a better focus so that real  collaborative working is achieved? 
 
2. CAN NATIONAL MET SERVICES PROVIDE THE SERVICE WE NEED? 
 

• Meteorological Services usually know a lot about forecasting weather. They are becoming much better at 
long range forecasting. Their role in disasters forecasting is being seen as becoming much more 
important. 

• Meteorologists however tend to concentrate presentation of information to the public using horizontal 
spatial mapping of the natural fluxes of energy and mass at different time scales. This does not reflect 
urban needs. A knowledge gulf exists between potential users of urban climate data and potential 
suppliers of such data.  

• Meteorology tends to be based on big IT systems. Applications proceed more at the PC level. National 
Met Services tend to underrate the need to support such smaller users effectively They will only make 
significant progress by firmer colloboration with other knowledge based  groups. 

• Unfortunately few meteorologists have a real perception of the importance of 3-D urban morphology in 
determining the actual distribution of natural energy and mass flow climate resources like precipitation 
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within the urban fabric. The result is the three dimensional challenge to be faced in design for climate 
within cities is poorly addressed by most National Met Services. For example, demands for information 
for reliable design of renewable energy systems cannot be met through the flatland approach. This 
assessment demands slope data. 

• Met Services tend to make more money by providing forecasting day to day services to transport than by 
providing more general climate services to cities. The present products put out are not attractive enough 
to cities for most cities to believe they should spend more adequate sums of money on securing more 
ambitious advice.  

 
 
3. WHO ARE THEN ARE THE REAL URBAN & BUILDING CLIMATOLOGY EXPERTS?  
 
I identify the following groups of central importance: 
 

• The renewable energy research communities, solar, wind, tidal, wave. 
 

• The sustainable cities research communities. 
 

• The climate change research communities. 
 

• The climatic disaster reduction research communities. 
 

• The urban climate science groups actively involved in detailed observational research in the urban 
environment  

 
How do we start to lead them towards a science based system design approach to address the climatic design 
challenges implicit in the future of cities? There is an essential need to develop a systems based interdisciplinary 
approach. A component by component approach will lack strategic vision of the entire problem. 
 
It is essential that we search out a new paradigm which will enable us to meet the challenging goal of achieving 
true inter-disciplinarity in urban climate systems research. Without an overarching vision, we will be unable to 
establish how best to attribute responsibility for different system sub tasks within the context of an overall urban 
climate systems approach. A new vision is needed. 
 
4. CREATING A VISION FOR INTERDISCIPLINARITY 
 
I believe achieving this integrative path could be best approached through the application of Gaia theory. James 
Lovelock (1) describes the Gaia theory as follows:  

• “A view of the Earth that sees it as a self-regulating system made up of the totality of organisms, the 
surface rocks, the ocean and the atmosphere tightly coupled as an evolving system”.  

 
• “This theory sees this system as having a goal- the regulation of surface conditions so as always to be 

as favourable as possible for contemporary life.” 
 
I have attempted to redefine the Gaia goal at the city level. My suggestions are as follows:  

• A view of city systems that sees the city as a self-regulating system made up of the totality of urban 
activities, needing to interact in positive ways, both with its citizens and with the natural environment of 
its locality 

 
• This approach sees the urban system as having a goal - the regulation of urban conditions so as always 

to be as favourable as possible for local contemporary life, including local ecosystems; respecting within 
the same policies, Global Gaia concepts too.  

 
 
5. CLIMATE AS A RESOURCE AND CLIMATE AS A HAZARD 
 
Urban climate issues can be split into two components. Climate viewed as a set of natural resources which vary in 
availability according to season.  
 
Climate viewed as a set of natural hazards presenting risks which vary significantly with season leading on to the 
concept of seasonal preparedness. 
 
An important urban design challenge is how to maximise the positive aspects of climate resource use while 
minimizing the impacts of the climatic risks.  Resource assessment requires tracking the resource trail across all 
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seasons. The hazard trail involves describing events that create risks that need to be countered to reduce 
vulnerability; at the same time assessing the probabilities of their occurrence at different seasons. Hazardous 
events need grouping into integrated scientific descriptions of all the phenomena likely to be associated with each  
specific type of event, for example a hurricane producing a combination of high winds, heavy rainfall, flooding, 
mudslides and ocean storm surges rather than the normal simple public vision of an exceptionally high wind. 
Hazards often come from fateful combinations of weather variables. Risk event climatology is weakened by the 
decomposition of climate events in their separated climatic elements.  
 
The concept of amplification of resource availability by using appropriate vector based orientation for resource 
collection is important. The potential amplification of climatic risks due to mesoclimate factors and microclimate 
factors also  has to be taken seriously. This challenge is complex.  
 
6. SPACE TIME IN URBAN CLIMATE 

 
The urban problems exist in astronomical space time and not in meteorological flatland. We may identify three 
dominating time cycles in our urban climatic decision making processes imposed by astronomy: 
 

• The diurnal time cycle linking day to night, due to the daily rotation of the earth about its axis. 
 

• The annual time cycle of the series of the days which make up the year (with the leap year issue 
embedded) due to the annual elliptical movement of the earth about the sun. 

 
• The lunar cycle of the tides, especially important in coastal zone cities. 

 
Urban climate decision making has to address the consequences of all three cycles, obvious but frequently 
overlooked.  Basically urbanism has lost touch with astronomy. We need to bring astronomy back into urban 
thought processes. In this respect we need to re-nature ourselves. The basic urban climate message is to seek 
out all year round solutions and not impose single season solutions. The impacts of our astronomy are too great 
to do otherwise. 
 
The natural time cycles drive the natural resource energy supplies from the sun. Even under a cloudless 
atmosphere the supply is highly variable, both in time and space. The weather systems then add variability, i.e. 
events like frontal periods of high pressure and of low pressure. The high pressure periods tend to be associated 
with strong sunshine and strong net long wave radiation. This implies a large diurnal temperature range. The low 
pressure periods tend to be associated with substantial cloud cover and reduced net long wave radiation. This 
implies a small diurnal temperature range. Weather thus makes the variability due to astronomy even greater. The 
urban climate solution space has to address this variability. Such complexity can only be addressed statistically.  
 
Fundamentally we need to understand how the urban climate system is actually driven. Solar radiation and long 
wave radiation are the primary drivers of urban climates. The aerodynamic fluid flows then move the resultant 
kinetic energy around the urban spaces. The actual patterns of urban temperature are the consequence of the 
basic local energetic flows merging with the general energetic fluxes provided by the basic weather systems. It is 
important to follow the current progress in urban climate modelling. We all look forward to the day of city specific 
forecasts from National Met Services. Clearly the UK Met Office is beginning to review this potential advance in 
forecasting. Such policies should embrace the aim of advancing long term urban climatology too.  
 
6. POLICIES FOR PHOTONS IN CITIES 
 
Let me now examine one issue in slightly more detail. Enlightened urban climate policy making demands adopting 
sound urban photon utilisation policies. Solar radiation is our most important global resource. We need to 
understand how to use photons sensibly in cities. We must link our thinking on short wave radiation with our 
thinking on the role of the unseen long wave radiation in establishing thermal balances, both in the urban surfaces 
layers and in the atmospheric layers much higher above. Possessing a global capacity to loose energy to space, 
both by shortwave and longwave radiation at an appropriate rate is a fundamental requirement for the stability of 
Gaia. The present lack of enough capacity to loose sufficient low energy photons to space at fast enough rate, is 
forcing increased thermal chaos in the earth’s atmosphere. This thermal warming currently associated with lack of 
effective progress in present global greenhouse gas reduction policy achievements seems likely to continue to 
increase continually. Put in simple terms, global warming is linked to the increasing rate of capture of long wave 
photons by the greenhouse gases in the atmosphere. The captured photons would be heading otherwise into 
outer space to sustain the long existing previous thermal balance of Gaia. What can we do in cities to mitigate the 
problem? We need urban policies for using photons to displace greenhouse gas producing fuels. The surface 
radiative properties provide the most important tools for logical photon use. One option, when we cannot use the 
photons effectively is to send a proportion of the incoming shortwave photons back to space by the use of highly 
reflective roof coverings and wall surfaces. Another option is to aim to capture the photons and use them to 
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displace energy currently provided by fossil fuels. This implies a capacity to shape the city for photon capture 
through the use of astronomically oriented built form. However direct beam exposure is often difficult to achieve in 
densely built cities. By using reflective surfaces we can keep more of the photons on the move. The surfaces that 
are not directly insolated can be helped by adopting surface reflection policies to provide enough photons for 
satisfactory urban use for example to provide daylighting in place of electric lighting. I believe the basic rule 
should be “If you cannot use the photons sensibly, pass them on to someone else. If nobody can use them pass 
them back to the upper atmosphere where a lot will pass on to outer space”  
 
Cities need policies for controlling their photon resources for several reasons. We must start with the law of 
conservation of energy. The natural energy radiative flux per hectare does not depend on the urban morphology, 
i.e., basic urban form. However its eventual distribution on different urban surfaces does depend strongly both on 
urban form and on urban reflectances in different spectral bands. Any specific urban surface may receive photons 
from many sources, some coming directly from the sun in the beam, some coming scattered from the molecules 
in the sky, some being scattered from the cloud surfaces, some passing through the clouds with back reflection to 
space, some reflected from the ground and vegetation and some reflected from other buildings. These photons 
may find many uses, for daylighting, for solar water heating, to generate electricity, to drive essential bio light 
driven functions like the diurnal cycle of wakefulness and repose. The challenge is to identify these uses and 
secure their application. At the bottom of the problem pile lies planning control. How do achieve social justice in 
the distribution of photons? In an important sense sky scrapers are urban photon stealers, stealing from the 
photonically less well off.  Money can buy more than one’s fair share of urban photons. The scientific assessment 
of the internal urban solar footprint of development is always important. We need no black holes in our urban 
spaces. Achieving these goals will not be achieved by accident. Urban photon policies are essential. 
 
We can split our flux of photons from the sun into three main parts, refer Figure 1, high energy photons i.e. UV 
radiation, medium energy photons, called light (weighted in different ways for human vision, & for the vision of 
other species, using PAR for photosynthesis in plants), and lower energy short wave infrared photons that 
contributes deep tissue warming and the urban heat balance. The UV radiation can damage our skins and our 
eyes, but it has a sterlising effect. It damages many materials. It is essential for life that the atmosphere prevents 
the highest energy photons from reaching the surface of the earth. They are simply too chemically damaging for 
life. Sometimes the solar resource is plentiful, sometimes the resource is scarce. The geometry of the resource is 
constantly changing. Somehow we have to find sensible urban photon policies. Thinking spectrally will help 
achieve more focused progress. Gerald Mills & I would welcome useful suggestions for our challenging project 
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FIGURE 1 The urban photonic environment for human beings 
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Radiation divergence cooling: From an urban canyon to the rural environment 
Manuel Nunez, Matthew Wilson 

University of Tasmania, Hobart Australia 
 
 
Abstract 
Despite considerable progress being made in the dynamics of urban heat islands, there is presently a gap in our 
understanding of how long wave radiation divergence influences nocturnal cooling. To examine the process 
further, a new two-channel radiometer has been developed which derives radiation divergence by simultaneously 
viewing a target in the absorption and window bands for water vapour. Measurements taken at a rural location, 
Hobart Airport, Tasmania are presented. Results show that nearly all the cooling is explained by radiation 
divergence if conditions are very calm. To show the importance of this term, a two-dimensional radiative transfer 
model is derived and applied to an urban canyon and diferent rural environments.  
 
Key words: long wave radiation, radiation divergence, nocturnal cooling. 
 
1. INTRODUCTION  
In the absence of horiontal advection and phase changes, cooling in an air parcel may be written as: 
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where AC  is the heat capacity of air, AT  is air temperature, iHQ  and 
∗L are fluxes of sensible heat and net 

longwave radiation respectively in direction i, t  is time and ix is a distance scale in direction i. Most studies 

consider divergence to act in the vertical, with homogeneous temperature and specific humidity in the horizontal, 
leading to zero horizontal divergence (Garratt and Broost, 1981; Grant, 1997; Sun et al., 2003).  They also 
document longwave divergence as an important if not dominant mechanism in the lowest 10 percent of the 
nocturnal boundary layer in stable and light wind conditions. It is expected that the role of divergence will be even 
more important In urban canyons, forest gaps and terrain with complex topography marked by wind sheltering. 
However the assumption of zero horizontal divergence is unlikely to hold.  Nunez and Oke (1976), using a 
radiometer array, showed that both horizontal and vertical divergence explain total cooling overnight in an urban 
canyon. In this paper we present a more efficient instrumental design to investigate radiative cooling in complex 
three-dimensional surfaces (Wilson, 2005). In addition a two dimensional radiative cooling model is presented and 
applied to a series of environments. 
 
2. ANALYSIS 
2.1 A dual channel radiometer (DCR) 
2.1.1 Instrument 
The instrument views a target by simultaneous observations in a water absorption channel or “active” channel 
(6.4 -7.8 µm) and a window channel (8.5 – 9.2 µm). A pyroelectric detector (InfraTec, model LIE 307) located 
inside a blackened cavity was made to sample long wave radiation transmitted through two filters, each isolating 
one of the above channels. This was accomplished using a chopping wheel housing the two filters. For each 
complete rotation, the sensor sampled the window channel, the internal blackened cavity, the active channel and 
the internal cavity. The pyroelectric detector responds to changes in the radiation field, and for this instrument it 
involved differences between the reference cavity and the window channel (signal S1), or between the cavity and 
the active channel (signal S2). The resulting AC signals were amplified and fed into a Campbell CR10X data 
logger and stored for subsequent analysis.  Each channel of the instrument was calibrated in a water temperature 
bath prior to field deployment.  Thus, during regular sampling each channel recorded a “brightness” temperature, 
which may be readily translated into radiance. Simultaneous measurements in these two channels provide an 
index of opaqueness for the atmosphere in the layer between the surface and the instrument. These readings can 
then be translated into a divergence estimate. 
 
2.1.2 Data acquisition 
Divergence estimates were obtained in a 10 m layer between a grassy surface and the instrument. The 
instrument was deployed at Hobart airport, Australia (42.80S; 147.50E) during May, June and July 2002. It was 
mounted at the top of a 10 m tower also housing air temperature and relative humidity probes at heights of 0.0, 
0.5 m, 1.5 m, 4.5 m and 10.0 m above ground (Campbell CS500 for above ground and a Vaisala HMP45C for the 
ground). An Eppley pyrgeometer and Swissteco net radiometer were also mounted at the top of the tower, with 
the Eppley sampling the downwelling longwave radiation flux. All tower data was averaged into 5 minute intervals, 
which also included a complete set of DCR readings.  In normal mode the DCR measured upwelling flux from the 
surface, but once every hour the instrument was rotated though 180 degrees to take one set of sky readings. 
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Additional data collected included 10 m wind speeds, cloud cover and type, visibility, air pressure, and 19:00 EST 
radiosonde readings, all provided by the Australian Bureau of Meteorology. Data was obtained for eight 
measurement nights, with airsonde soundings being available for five nights. 
 
2.1.3 Radiation divergence calculations 
Although the DCR sampled the ground at various angles, radiation divergence was estimated with the instument 
looking vertically down and directly upwards (zenith angles 180º and 0º respectively).  Therefore we assume that 
all divergence is in the vertical axis in this homogeneous rural environment. The calculations use the concept of a 
“bulk emissivity” representing the radiative properties of the layer between 0 and 10m.  
 

The downwelling longwave radiation at the surface ( ↓SL ) and upwelling radiation at 10 m ( ↑10L ) may be 

written as: 
 

4
1010 )1( ADDS TLL εε +−↓↓=             (2a) 

 
4
1010 )1( AUUS TLL σεε +−↑↑=   (2b) 

 
where L is longwave broadband irradiance, subscripts S and 10 represent surface and 10 m height, ε is a bulk 

emissivity, defined in a “downward” or “upward “ direction (D and U respectively) and 10AT  is the measured air 

temperature at 10 m .  A measurement of the surface in the window channel will determine ↑SL assuming an 

emissivity of 1 for short cut grass. Using 40 MODTRAN runs with a variety of atmospheres, a theoretical 

relationship was derived between bulk emissivities Uε , Dε  and signals S1, S2 and 10AT . Similarly using 

MODTRAN a theoretical relationship was derived between signal S2 and ↓10L . All statistical relationships had a 

coefficient of variance between 0.867 and 0.934. Thus, this analysis can provide estimates of the four longwave 
fluxes in equations 2a and 2b and the divergence in the 10 m layer may be calculated. Operationally, the 
measurement involves radiometric calculations from a fixed platform above the surface and measurements of air 
temperature at the measurement height. 
 
2.1.4 Radiation divergence for the night of 1/2 May 2002. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Comparison of radiative divergence cooling and actual cooling for the night of May 1/May 2, 2002. a) 
cooling rate; b) predicted vs actual air temperature.  
 
The night of May 1/May 2 was cold and clear with light wind conditions. Measurements started at 17:00 and 
continued throughout the night until dawn. It may be seen that radiative and actual cooling rate match each other.  
One noticeable feature is the strong cooling rate (negative values) in the hours following sunset. This has also 
been observed by Sun et al. (2003) in open terrain and Nunez and Oke (1976) in an urban canyon. Ten-metre 
wind speed is near-zero at 20:00 hours but increases to a maximum value of 4 m s-1  at 23:00 hours and 
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decreasing again to negligible values at 26:00 hours. This pattern is reflected in the very low values of radiative 
divergence at 23:00 hours as wind speed mixes the air temperature column, followed by increasing radiative 
cooling and more stable conditions after this time.  Towards 27:30 hours saturation conditions were reached, and 
this was followed by a a release of latent heat into the atmosphere and a sudden increase in the air temperature. 
The overall radiative and actual temperature (Figure 1b) closely follow each other. 
The pattern that emerges is one of a dominating, radiation divergence on calm, clear nights, but interrupted by 
periods of mixing due to wind action, generating either from intermittent local turbulence or from regional 
processes such as gravity waves. Eventually these sporadic events decay and the cooling continues. 
 
2.2 A two-dimensional radiative transfer model 
2.2.1 Model description 
As mentioned earlier, one-dimensional measurements offer only a limited information in case of complex 
surfaces. In this paper we present a two-dimensional model and apply it to an urban canyon and a forest gap, two 
environments where radiation divergence is likely to dominate in calm clear nights. The model has the following 
properties: 

a)  A grey body emissivity curve over all thermal bands was derived from MODTRAN runs. Radiation 
divergence over any arbitrary path may be estimated knowing the characteristics of this curve and the air 
temperature and specific humidity of the environment. 

b)  A radiative transfer algorithm developed by   Garratt and Brost  (1981) was applied to the case of vertical 
and horizontal divergence.  

c) The model was used in a two-dimensional canyon geometry of 10 m height but varying widths.  All walls and 
the ground were concrete for the case of an urban canyon; and in the case of the forest gap, the ground was 
sandy but with medium moisture content, and “walls” were made of vertical leaves in contact with a dense 
forest on one side.  

d) In the urban canyon, air temperature was solved subject to horizontal and vertical radiative divergence in a 
10 x 10 array. At the side and ground boundaries, surface temperature was obtained solving the surface 
energy balance using the force-restore method (Garratt, 1994) to represent subsurface heat flux and 
longwave radiation from the canyon and sky. No turbulent forcing was used. 

e) The same procedure was used in the canopy gap, with the exception that a leaf energy balance was solved 
as a function of longwave radiation input from the sky and forest. 

f) Above the canyon all horizontal divergence is cut off and vertical divergence continues to be exerted. 
 
2.2.2 Model output- urban canyon  
The model was run for autumn conditions of May 1 2002 at Hobart Airport, using radiosonde soundings taken at 
21:00 hours for that night. . It was run over 14 hours from sunset to sunrise in a canyon with height/width ratio of 
1.  Results showed an over air temperature cooling of between 6 to 7 degrees during this time period. The degree 
of spatial heterogeneity is not large, with air temperatures varying typically by less than one degree in the canyon 
cross-section.   

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2. Vertical air temperature in the middle of the canyon and at the roof top. 
 
 
Figure 2 shows a vertical profile of air temperature corresponding to the middle of the canyon at dawn. Also 
shown is the corresponding air temperature at the roof level. It is clear that there is very little stratification of air 
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temperature within the canyon. However, above the canyon the air temperature reverts to stable conditions. This 
is important as it indicates that there is no added buoyancy above the canyon created by radiation divergence. 
However, the air mass in contact with the roof is considerably colder than the canyon air. This is essentially an 
unstable situation – even in calm conditions a slight breeze created by local density differences will be enough to 
move the roof air mass over the canyon, triggering free convection from the canyon cavity.   
 
2.2.3 Model output –forest gap 
The problem here is to examine how efficient a forest gap of varying radius is at changing local air temperatures 
above open conditions during calm, clear nights.  Model results gave a wide range of air temperature 
enhancement depending on environmental conditions. These included, heat capacity and diffusivity of the soil, the 
forest canopy cooling rate, and most importantly, sky view factor at the center of the gap.  Comparison with 
published data looks promising, but it is difficult to locate published data with all the necessary information needed 
for model input.  
 
CONCLUSION 
Nocturnal  cooling totally driven by radiation divergence is an idealization only to be found in extreme conditions.  
Nevertheless it is an important and necessary area of study given the dominant character of radiation cooling and 
the range of surfaces  that characterize urban and forest environments.  New instrumentation such as the one 
presented here are needed to resolve the measurement problem and radiative models should also tackle the 
problem of horizontal variability. Radiation divergence measurements is a crucial step in verifying some of the 
modeling results and there is a paper in this conference applying DCR measurements to a canyon environment. 
Free convection has only been briefly mentioned, but the model presented here also includes a convection 
module. These are areas which are presently being developed we are hopeful to present further results for the 
meeting in June.   
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ABSTRACT 
 
The sky-view factor is a commonly used parameter in urban climatology, but to date no completely satisfactory 
technique has yet been developed for its calculation.  This study investigates the potential of a prototype thermal 
fisheye camera, originally developed for use in the CLOUDMAP2 project, to produce fisheye imagery suitable for 
sky-view factor analysis.  The camera distinguishes between the fraction of cold-space background and warm 
obstructions (e.g. buildings, trees and cloud) from which the sky-view factor can then be calculated.  Early results 
are promising with excellent segmentation results obtained under clear skies, although the techniques are 
currently less reliable when clouds are visible in the field-of-view.  However, this is demonstrated to be an 
advantage as the camera can also be used to simultaneously measure solar-tracks and ‘local’ cloud fractions.   

 
1. INTRODUCTION 
 
Canyon geometry acts as a significant control on urban surface temperatures.  Instead of longwave radiation 
being released into the cold sky hemisphere, it becomes trapped in the canyon where it heats the urban surfaces.  
This effect is considered to be a major cause of the urban heat island phenomenon with canyon geometry alone 
accounting for increased nocturnal urban temperatures in the region of 5-7°C (Oke et al, 1991).  The situation is 
further complicated during daylight hours, as canyon geometry will also interfere with the solar beam.  At certain 
times of the day, the urban canyon will obstruct direct sunlight, causing localised shading and restricting radiative 
inputs exclusively to the diffuse components.  A widely used measurement of canyon geometry is the sky-view 
factor (ψs).  Particularly useful for modelling nocturnal longwave losses, ψs is a dimensionless ratio of visible sky 
‘seen’ at a point to that potentially available.  However, the calculation of ψs has proven to be a recurring 
challenge facing urban climatologists.  As a result, a variety of techniques have been developed, ranging from 
early geometrical modelling (e.g. Oke, 1981; Johnson & Watson, 1984) to more advanced image based 
approaches (e.g. Grimmond et al, 2001; Chapman et al, 2001).  Imaging techniques use a digital camera 
equipped with a fisheye lens and produce imagery that shows the local horizon throughout 360°.  A threshold is 
then applied to the image that delineates sky pixels from non-sky pixels, before a value for ψs is calculated via a 
simple algorithm.  Fisheye images also have the added advantage that they can be used to infer local shade.  
The path of the solar beam on a particular day is known as a solar-track and can be readily calculated by 
considering the latitude of a location along with the Julian Day.  Solar-tracks can then be plotted upon the image 
to determine the times and strength of direct beam radiation for any Julian Day. 
 
Although the visible fisheye image approach has been used to a reasonable degree of success, it is not an ideal 
solution.  The largest limitation is that to enable an accurate segmentation threshold to be set, imagery needs to 
be collected during homogenous cloudy conditions.  This results in a small surveying window which has proven to 
be the major obstacle in collecting vast amounts of ψs data.  To some extent, this has recently been addressed by 
the development of proxy techniques.  For example, Chapman & Thornes (2004) used a Global Positioning 
System to estimate ψs with encouraging results.  However, although the technique has since been used 
operationally, it is still at best an approximation.  Furthermore, other than ψs, it provides no specific detail 
regarding the geometry of the urban canyon and thus any modelling is restricted to nocturnal processes.  To 
consider shading, and therefore to model solar-tracks, the traditional fisheye solution (albeit with restrictive 
surveying window) needs to be implemented.  Hence, it is these limitations that provide the motivation to 
investigate other solutions to ψs measurement.  Interestingly, there has been a recent resurgence in geometrical 
modelling techniques developed on the back of the recent proliferation of geographical information technology.  
For example, Townscope uses a 3D urban information system coupled with solar elevation tools to calculate ψs 
and areas of shade in an urban environment (Teller & Azar, 2001).  Although this approach has considerable 
potential, substantial data collection, entry and validation are required in developing such models.  Furthermore, 
as with all approaches, little consideration has been given for the inclusion of cloud effects; canyon geometry 
causes local shade, but so does local cloud cover.  Indeed, there is a need to consider all the canyon geometry 
parameters together; ψs, solar-tracks and local cloud.  However, this would require a considerable advance in 
data collection and processing techniques. 
 
Clouds are a notoriously problematic parameter in climate models due to their highly variable spatial and temporal 
nature.  The European Union CLOUDMAP2 project (http://cloudmap.org) aims to improve this by producing a 
series of value-added remotely sensed products for a variety of cloud parameters for inclusion in global climate 
models with a view to advancing short-range weather forecasting.  CLOUDMAP2 products are assimilated from a 
combination of earth observation data and ground based remote sensing products.  One such ground-based 
technology developed for the project has the potential for use in urban climate studies.  To overcome the 
limitations of current automated cloud detection systems, which focus on just a single point of the sky, a thermal 
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fisheye camera (All Sky Thermal Infrared Camera: ASTIC) was developed to make cloud cover measurements 
(Figure 1a).  The ASTIC uses an uncooled thermal infrared ferro-electric sensor with a spectral response of 8-
12µm.  Equipped together with a F2.4 germanium lens with an 180º×180º hemispheric field-of-view (currently 
undergoing calibration), the ASTIC is resistant to damage by direct solar illumination and therefore can be 
operated during both day and night.  Due to the detector technology used, the ASTIC produces images of the 
local sky illumination or contrast maps, i.e. the value at a given point in an image is relative to the surrounding 
intensity.  This enables the ASTIC to have a wide relative dynamic range but precludes the ability to take absolute 
temperature measurements.  These “contrast images” are captured in the field as bitmaps using a laptop 
computer equipped with a PCMCIA frame capture card to which the ASTIC video output is connected.  A Firewire 
interface can also be used to produce digital video.  A sample image is shown in Figure 1b from which cloud 
cover can be segmented in a similar way to which ψs is delineated from fisheye photographs.  As clouds have a 
higher brightness temperature than open sky, cloud cover can be objectively segmented using a threshold, and 
fractions calculated in real-time.  Therefore, it is hypothesised that buildings will also have similarly different 
brightness temperatures that could prove useful for ψs calculation.   
 
a) b)

 
Figure 1 a) Thermal ASTIC fisheye camera and b) sample CLOUDMAP2 imagery (taken from 
http://cloudmap.org).  The sun appears as a white circular artefact of high brightness temperature. 
 
2. SAMPLE IMAGERY 
 
The utility of the camera in calculating ψs was assessed by collecting a sample of images under different levels of 
cloud cover.  Figure 2a shows an image of an urban canyon taken under clear skies.  Buildings have a 
considerably higher brightness temperature than open sky and a threshold can be set to easily delineate the 
urban canyon resulting in a binary segmented image.  Interestingly, the highest brightness temperatures are not 
found on surfaces exposed to direct sunlight, but are instead located on surfaces near the centre of the image.  
This is a well-known optical phenomenon seen with wide-angle lenses and actually aids the segmentation of the 
image from which ψs can be readily calculated.   
 
Although the results are encouraging for the calculation of ψs using imagery collected under clear skies, the 
introduction of cloud into the image causes significant segmentation problems.  Figures 2b and 2c show imagery 
collected under partially cloudy and almost homogenous cloudy conditions respectively.  There is an insignificant 
difference between the relative brightness temperatures of the cloud and buildings to successfully delineate sky 
from non-sky pixels.  This is a direct consequence of using an imager that is sensitive to relative intensity rather 
than absolute temperature.  Although the actual surface temperatures between cloud and buildings are 
unquestionably different, this is not detectable when using brightness temperatures.  This could possibly be 
overcome by using advanced processing techniques or an infrared camera sensitive to absolute intensities, albeit 
such imagers have to be operated at night to avoid damage by direct solar illumination. 
 
Despite these setbacks at this primitive stage of the investigation, the surveying window can to some extent been 
extended by the use of the ASTIC.  Traditionally, the surveying window was limited to homogenous cloudy skies.  
However, this technique has the added advantage that surveys may be conducted under clear skies, both day 
and night (results were found to be identical whether the image is taken during daylight or at night).  Furthermore, 
there is much more information in each image than just ψs.  By segmenting buildings and cloud in the same 
image, it is possible to calculate a ‘local’ cloud cover fraction at the time the image was captured.  Such 
snapshots of local cloud activity could have considerable utility in modelling studies. 
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a)  b)   c) 

   
d)  e)   f) 

   
 
Figure 2 Sample urban canyon imagery taken using the ASTIC under a) clear skies, b) partially cloudy and c) 
overcast conditions (black = low brightness temperatures / cold space; white = high brightness temperature / 
warm obstructions).  In each case, the original ASTIC image is presented along with a binary segmented image 
(d-f) calculated by using a suitable threshold to delineate buildings in the imagery. 
 
3. DERIVATION OF CANYON GEOMETRY PARAMETERS  
 
By collecting ASTIC video footage, it should be possible to ascertain several parameters regarding the urban 
canyon under study.  Firstly, the local cloud fraction could be deduced for any time during the monitoring period.  
This could then be combined with ψs to model longwave losses in the canyon.  Secondly, actual solar-tracks can 
be plotted across the image by using the solar artefact.  The sun appears on the image as a circular artefact of 
high brightness temperature and can clearly be seen in Figure 1b.  Any times when cloud or buildings obscure the 
sun can be readily deduced, as the solar artefact will have disappeared.  This approach was tested by placing the 
ASTIC in an urban canyon throughout the hours of daylight (Julian Day of year=11; Latitude =52.5N).  A video 
was created by capturing images every 30 seconds (a sample monochromatic frame from the video is shown in 
Figure 3a).  As every frame is time and date stamped, each image provides a permanent record of cloud cover 
and solar activity for the site under study.  Hence, at any time during the video, the presence of the solar artefact 
can be used to quickly determine whether the location is in direct sunlight or in shade.  Additionally, the extent of 
local cloud cover could be quantified by performing a simple segmentation of the image as per Figure 2.  For 
accurate results, the lens should be geometrically calibrated, but in the interim, a simple ratio of cloud to non-
cloud pixels provides an estimate of the cloud cover. 
 
The calculation of ψs from video is much easier than from a single image.  As the extent of cloud cover will vary 
during the recording, clouds can be removed from the analysis by taking the minimum brightness temperature for 
each pixel across the whole of the footage.  This accurately removes cloud cover from the image so that sky and 
non-sky pixels can be easily delineated. The result is a mask, that can be applied to the whole of the video from 
which ψs can be readily derived and local cloud fractions calculated (Figure 3b).  However, this approach 
assumes that the time period of the video is sufficient to ensure that each pixel in the sky hemisphere has been 
cloud free for some time during the recording.  Conversely, processing the footage with respect to maximum 
brightness temperatures per pixel can be used to monitor solar activity.  As the solar artefact always represents 
the highest value in the image, its course throughout the video can easily be summarised as a single image.  
However, care needs to be taken as the brightness temperatures of thick cloud can sometimes be of similar value 
to that of the solar artefact.  This can be overcome by further processing to enhance the solar-track. This was 
done in this study by calculating the difference between maximum and average brightness temperatures per pixel 
(Figure 3c).  Any breaks evident in the solar-track are caused by clouds interfering with the solar beam, the exact 
timing of which can be easily derived from the video.  Due to the low resolution of the imagery collected, only the 
more significant breaks are detectable, but if resolution were to be increased, then even minor breaks in the direct 
solar beam would be clearly detectable.  The example is completed by masking the buildings on the solar-track 
analysis (Figure 3d).   
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a) b) 

  
c) d) 

  
 
Figure 3 Sample images from a thermal fisheye video showing a) unprocessed frame, b) minimum pixel values 
(sky-view segmentation), c) difference between average and maximum pixel values (solar-track segmentation) 
and d) composite processed image.   
 
4. CONCLUSIONS 
 
This paper presents a preliminary investigation into the applications of the ASTIC in an urban environment.  This 
study is limited in the sense that the camera is not fully calibrated and indeed many of the techniques so far 
discussed are subject to considerable refining.  However, it can be concluded that the ASTIC has potential for a 
variety of applications, particularly in urban and forest environments.  At the most basic level, cloud monitoring is 
in itself a non-exact science, and this camera potentially enables cloud cover to be measured both automatically 
and objectively 24 hours-a-day.  With refinement and additional research (intercomparison work is ongoing as 
part of the CLOUDMAP2 project), the technology could supplement or even replace standard recordings at 
existing weather stations or used to provide a measure of ‘local’ cloud cover for model validation.  The ASTIC has 
demonstrated the ability to extend the ψs surveying window to include clear skies (both night and day), and 
therefore provides a viable alternative to traditional visible fisheye imagery techniques.  Although, current 
algorithms are unable to differentiate between clouds and buildings, it is hoped that within time this will improve.  
Indeed, as has been demonstrated by the use of fisheye video, by taking multiple images (i.e. several surveys), 
the cloud artefacts can be removed from the analysis.  The use of thermal fisheye video recordings is potentially 
the most useful development of this research.  Previously, solar-tracks required calculation before being 
superimposed onto fisheye images.  However, by using this approach, ASTIC recordings would automate this 
process as well as providing an additional record of cloud cover and solar beam activity.  The results would be 
useful for monitoring and validation of urban canyon climate models and provides one example of how the 
CLOUDMAP2 project can advance research away from its original objectives. 
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CONTRIBUTIONS TO URBAN THERMAL ANISOTROPY FROM SURFACE 
STRUCTURE AND SURFACE TEMPERATURE 
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Abstract 
 
The surface-sensor-sun relations model of Soux et al. (2004) was used to study the contributions to urban thermal 
anisotropy arising from surface structure and surface temperature.  A comparison with observations shows that 
surface geometry alone accounts for only a portion of the observed anisotropy.  Anisotropy was modelled best 
when a GIS urban surface representation was combined with variable facet surface temperatures.  The addition 
of small scale surface features can influence the anisotropy but only weak evidence for their omission was found.  
The results help explain the relatively low anisotropy predicted by simple coupled-model simulations and indicate 
an important limitation to the use of facet averaged surface temperatures for estimating urban thermal anisotropy.  
 
 
Key words: urban surface temperature, remote sensing, thermal anisotropy  
 
 
1. INTRODUCTION  
 

Remote measurement of urban surface temperatures is complicated due to thermal anisotropy – directional 
variations in the upwelling longwave radiation - that exist over urban surfaces.  Observations show anisotropy of 
6-10°C (Voogt and Oke 1998, Lagourade et al. 2004) o ver various urban land use types.  To extend our 
knowledge of urban thermal anisotropy, sensor view models have been proposed (e.g. Soux et al. 2004).  These 
models require that both the urban surface structure and temperature be specified, either from observations or 
through other models.  Some recent model estimates of urban thermal anisotropy using a coupled (sensor view + 
urban energy balance) model simulation (e.g. Voogt and Krayenhoff 2005, Krayenhoff and Voogt 2006) have 
shown a significant underestimation of urban thermal anisotropy compared to observations.  Here, the sensitivity 
of modelled urban thermal anisotropy is explored in terms of the representation of the urban surface structure and 
urban surface temperature variability in an effort to better understand this discrepancy.  
 
 
2. METHODS  
 

The sensitivity analysis presented here uses data from the Vancouver Light Industrial study area described in 
Voogt and Oke (1997) including a surface database of building footprints and heights (GIS), remotely observed 
surface temperatures made during morning and early afternoon helicopter overflights of the study area, and from 
simultaneous vehicle traverses.  The SUM surface-sensor-sun relations model of Soux et al. (2004) is used to 
model the urban thermal anisotropy.  Modelled sensor temperatures represent the directional radiometric 
temperature for a 12° field of view sensor observin g the surface at a 45° off-nadir angle, correspondi ng to the 
airborne thermal scanner used in the Vancouver study.  The default SUM internal urban surface representation 
(simple surface) provides for equal dimension buildings with intervening streets and alleys. It also now includes an 
inter-building spacing to better represent the “block” structure that characterizes many urban areas as well as an 
interface to allow a GIS representation of the surface (digitized building footprints and variable building heights).  

Four separate model simulations were performed (Table 1) using data from the early afternoon flight.  The first 
two simulations examine the effect of different complexity of the urban surface representation and use a fixed 
average temperature for each of the surface components.  The third simulation keeps the surface geometry, as 
represented by the average view factor for each surface component, fixed and combines this with temperature 
variability for each of the surface components.  The final simulation combines both variable surface geometry 
using the GIS surface with temperature variations for each surface.  The notes following Table 1 explain some of 
the details of the procedure.  
 
 
3. RESULTS  
 
3.1. Surface Structure and Temperature 
 

Results, shown as box plots, are presented in Figure 1 and Figure 2.  It is clear that the fixed urban surface 
representation given by the internal SUM surface geometry provides relatively little variation and substantially 
underestimates the full anisotropy of the surface (shown by the superimposed vertical arrow).  The use of the GIS 
surface increases the variability of the modelled temperature in each view direction but the overall anisotropy 
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increase compared to the simple geometry is relatively small (mostly an increase in the maximum temperature for 
the north view direction).  Compared to the observed temperature variability, the GIS surface accounts for 
approximately 60% of the total anisotropy.  Facet temperature variability alone accounts for roughly the same 
amount of modelled temperature variability as the GIS surface structure (Figure 2).  The combined simulation, in 
which view factors derived from the surface GIS and variable facet surface temperatures co-vary, shows 
variations of the same order, or in some cases larger, than the observed.  The increase in variability here comes 
from the full combination of temperature with view factors – in reality not all surface structures would exhibit the 
full range of temperature variability tested.  The simulations suggest that surface geometry and facet temperature 
variability (due to variations in surface radiative and/or thermal characteristics) have roughly equal contributions to 
the overall observed temperature variability.   

 
Table 1.  Model simulations  

Simulation Surface Geometry / View Factors Surface Temperature 
Fixed Urban 
Surface 

all buildings have equal dimensions; 
regularly repeating block structure, 
complete to plan area fraction 
(Ac/Ap) matches that from GIS  

fixed average values for each component 

GIS surface building footprints and variable 
heights from surface GIS 

fixed average values for each component 

T variation 
only 

fixed average view factors for each 
view direction based on the surface 
GIS 

variable temperatures for each facet based on 
ground (mean values of walls for each street from 
vehicle traverses) and airborne observations 
(sampled from filtered images of horizontal 
surface components)1 

Combined building footprints and variable 
heights from surface GIS 

variable temperatures based on detailed sampling 
images2 

Notes:  
1. Number of samples: North-south walls: 11; East-west walls 5; Roofs, sunlit ground, shaded ground 572.  

Samples are combined with mean view factors to yield 11×572 modelled temperatures for north and south view 
directions and 5×572 temperatures for east and west view directions. Horizontal surface images are processed 
with a 155×155 filter to yield an approximate mean temperature for roofs, sunlit roads and shaded road 
components at the scale of the IFOV of the airborne sensor. The resulting image is sampled with a regular 
rectangular grid and then masked for edge effects yielding 572 sample points.  

2. Between 4-7 images per flight line were processed for detailed sampling; facet temperatures for each image 
are combined with the view factors derived from moving the sensor FOV across the surface GIS along the path of 
the actual flight line (36-57 positions for east and west view directions, and 41-80 for north-south view directions).  
  

View Direction and Simulation

No So Eo Wo Nm Sm Em Wm Nf Sf Ef Wf

M
od

el
le

d 
T

em
pe

ra
tu

re
 (

°C
)

34

36

38

40

42

44

Observed (o)
Modelled: GIS surface (m)
Modelled: Fixed surface (f)

 View Direction and Simulation

No So Eo Wo NTv STv ETv WTv NT ST ET WT

M
od

el
le

d 
T

em
pe

ra
tu

re
 (

°C
)

34

36

38

40

42

44

Observed (o)
Combined T and VF 
variations (Tv)
T variations (T)

 

Figure 1.  Box plot of modelled sensor temperature for the 
fixed and GIS urban surface as well as the observed 
sensor temperature.  The arrow represents the range of 
temperatures equivalent to the anisotropy.  

Figure 2.  Box plots of observed and modelled sensor 
temperature corresponding to the scenarios described 
in Table 1.   

 
 
3.2. Omission of Small Scale Surface Features 
 

Another factor that may contribute to underestimation of urban thermal anisotropy is an under-representation 
of shaded areas on the surface due to omission of small urban surface structures in the surface representation.  
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In a first test, the summed view factors for all shaded components seen by the sensor was compared to the 
fraction of pixels from all images that fall below a threshold shaded temperature value (Figure 3).  If the total 
shaded view factor is less than the area of temperatures that correspond to shaded areas it may suggest that the 
images are characterized by more shade than is represented by the surface GIS.  The effect would be maximized 
for view directions towards the sun.  

This test was performed for both the morning and early afternoon overflights. The temperature contrast 
between shaded and non-shaded areas is greatest in the morning since the area that converts from sunlit to 
shaded is relatively small.  Figure 3 suggests that the total shaded view factors may be slightly low for the east 
and south view directions in the morning.  Much smaller view factors (and fractions of shaded pixels) are noted for 
north and west view directions.  Modelled view factor ranges are very small whereas the fractional area of 
temperatures less than the threshold is larger; this larger fraction incorporates variability in surface characteristics 
as well as surface structure.  For the midday flight, the most apparent differences are from the west and east 
viewing directions (nearly orthogonal to the solar azimuth).  The west view direction at this time is newly shaded, 
hence the relatively large modelled view factor. However the temperature range remains large from the differential 
heating of surfaces with different radiative and thermal properties through the morning, so these newly shaded 
surfaces tend to exhibit a range of temperatures depending on their particular surface properties.  The heating 
and cooling history of the surface tends to lower the fraction of pixels less than the fixed threshold.  In contrast, 
the east view direction is towards newly sunlit walls, so the shaded view factor total is lower, but these surfaces 
have yet to warm significantly, so the fraction of “shaded” surfaces based on the threshold temperature remains 
large.  There is little difference between the modelled shaded view factor and the fraction of cool surfaces for the 
south view direction for which relatively few pixels will have changed status from sunlit to shaded.  

A second test used a regular surface geometry with a complete area set to match that of the study site and 
then added small structures to the building roof.  These structures may represent elevator shaft housings or small 
penthouses that may not have been included in the original GIS.  Three sizes of structures were tested which 
occupy between 12-30% of the plan roof area and 13-25% of the total building area. Initial simulations simply 
added the roof structure to the base building structure leading to an increase in the overall complete surface area 
of the study domain.  A second set of simulations was conducted with the largest and smallest of the roof 
structures in which the building height and/or roof structure height was adjusted to keep the complete surface 
area and Ac/Ap fraction approximately constant.   

When roof structures are added (without attempting to preserve the complete surface area) the shaded view 
factor increases for view directions towards the Sun (Figure 4) compared to the no roof structure case.  When the 
roof structure is added and the building height is adjusted so that Ac/Ap is preserved, then only minor changes in 
the shaded view factor are noted (less than 0.01) and these are not likely to be significant.   

If the building structure as represented by the model surface, omits the actual roof top structures, but has a 
similar complete surface area to the real surface, then the view factors will be similar. However, the relative 
position of shadows cast by a simplified building relative to that with a roof structure will differ. In the former case, 
the shaded view factor of the main building wall and ground area is increased, in the latter, the shadow is 
projected first onto the roof, then at larger zenith angles onto the ground.  The shading influence on the roof top 
versus ground surface may be important to anisotropy depending on the relative temperature differences 
involved.  
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Figure 3.  Box plots for morning (Flight 1, left) and early afternoon (Flight 2 right) comparing the total view factor for 
shaded surfaces in each of the off-nadir viewing directions with the fraction of pixels within the projected FOV that fall 
below a threshold that approximates the sunlit/shaded temperature boundary.   

 
A final simple test using the internal SUM surface geometry was used to compare results between two model 

runs that used an identical surface layout (i.e. building footprint and building arrangement along the streets), but 
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with different mean building heights, one set at the mean for the study area as derived from the GIS analysis (7 
m) and the second set to (a somewhat arbitrary) 10 m.  Altering only the building height preserves the plan area 
ratios of roof and ground area but increases the wall and complete areas.  This scenario is intended to represent 
cases where the GIS captures the main urban surface structure, but misses features that have a small plan area 
and a relatively large vertical surface area which could cast significant shadows.  Such features might include 
fences, hedges or utility poles. Using the same facet component temperatures for both simulations, the results 
(Figure 5) show that the sensor observed temperatures decrease most for view directions towards the solar 
azimuth and relatively little for the view direction in the most “down-sun” direction.  For this mid-morning 
simulation, there is also a relatively large change in the temperature for the north view direction due to the 
relatively large increase in shaded area of north-south streets for the solar azimuth at this time. This change 
would be smaller as the solar azimuth approaches 180°.     
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Figure 4.  Box plots of shaded view factors for select 
view directions of the morning flight when additional 
roof structures (RS) are added to modelled buildings.   

Figure 5.  Modelled directional radiometric temperature 
using identical surface layouts for two different building 
heights.  Temperature variability derived from moving 
the sensor position across the surface in 2 m steps. 

 
 
4. CONCLUSIONS  
 

Both urban surface structure representation and small scale temperature variability are important to the 
accurate estimation of urban thermal anisotropy.  A building GIS surface representation improves estimates of 
anisotropy, but must be combined with microscale temperature variability – not just mean facet temperatures – to 
best represent the full range of urban thermal anisotropy. The omission of small scale building structures from the 
surface GIS is potentially important in cases where the base building structure is well represented (e.g. from 
building footprint information) but the small scale structures are not included, and are a notable feature of the 
structures.  Omitting other (non-building) small scale structures may also play a role in model underestimates of 
urban thermal anisotropy.   
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COMBINING SUB-FACET SCALE URBAN ENERGY BALANCE AND SENSOR-
VIEW MODELS TO INVESTIGATE EFFECTIVE THERMAL ANISOTROPY 

E. Scott Krayenhoff1, James A. Voogt 
University of Western Ontario, London, ON, Canada 

 
 
Abstract 
 
A new micro-scale energy balance model (TUF-3D) is coupled to an existing sensor-view model (SUM; Soux et 
al., 2004) to investigate the dependence of urban effective thermal anisotropy on city structure for simple, 
repeating, plane-parallel urban surfaces.  Preliminary results suggest modelled maximum anisotropy peaks near 
λp = 0.30 for evenly spaced arrays of cubes.  The impacts of array rotation and of sub-facet scale variation of 
radiative properties on anisotropy are also investigated.  Coupled simulations underestimate observations of 
maximum anisotropy from Vancouver, and potential reasons for this are explored. 
 
Key words: effective anisotropy, modelling, urban thermal remote sensing 
 
 
1. INTRODUCTION  
 

Remote sensing of the upwelling thermal radiance is an efficient means of observing the spatial distribution of 
urban surface temperature, which varies in response to spatially varying surface energy balances.  However, 
sensitivity to micro-scale surface temperature variation due to differences of the effective 3-D radiometric source 
area (the instantaneous field of view (FOV) projected onto the surface) with viewing angle results in uncertainty in 
temperatures derived in this manner, termed effective thermal anisotropy (Voogt and Oke, 1998). 

The utility of the “Temperatures of Urban Facets in 3-D” (TUF-3D; Krayenhoff and Voogt, 2006) energy 
balance model in the investigation of anisotropy, when combined with the SUM sensor-view model (Soux et al., 
2004), is explored.  There are numerous parameters and meteorological forcings that may be expected to 
influence the distribution of urban surface temperatures, and therefore the magnitude of anisotropy of remotely-
sensed temperatures.  Here, the focus is on the impact of building plan area density (λp) on the diurnal evolution 
of maximum anisotropy, defined as the range of the sensor view angle temperature distribution.  TUF-3D 
sensitivity simulations use urban atmospheric forcing measured on June 26 at the Basel Sperrstrasse site 
(BUBBLE; Rotach, 2002) and thermal and radiative parameters adjusted to give good surface temperature 
results, while in Section 4 observed and modelled maximum anisotropy for the Vancouver Light Industrial site 
(Voogt and Oke, 1997) are compared.  All simulations use regular, repeating arrays of cubes. 
 
2. TUF-3D POST-PROCESSING AND COUPLING WITH SUM   
 

A routine is built to extract the central urban wavelength’s patch surface temperatures from TUF-3D output.  
For regular, repeating arrays, an urban wavelength is defined here as the smallest plan area that repeats through 
the entire array.  Extracted TUF-3D temperatures are then replicated over an N by N array to provide an urban 
surface of sufficient size for viewing by a remote sensor, where N is the number of urban wavelengths.  SUM is 
then run for a number of different view angles.  The remote sensor is always positioned at a constant height, and 
situated in x-y space such that it always points towards the centre of the domain regardless of viewing angle.  The 
sensor views apparent surface temperature, defined here as: 
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where θ is the off-nadir angle, ϕ is the azimuthal view angle, ψsens,i is the view factor from the sensor to patch i, 

Tsfc,i and iL ↓  are the TUF-3D kinetic surface temperature of patch i and total incident longwave radiative flux 

density on patch i after multiple reflections, respectively, εi is the emissivity of patch i, n is the number of patches 
in the domain, and Ss(θ,ϕ) indicates only sub-patches seen by the sensor for view angles θ and ϕ.  Soux et al. 
(2004) present further details regarding SUM operation. 
 
3. SENSOR SAMPLING DISTRIBUTION AND LOCATION RELATIVE TO THE DOMAIN 
 

There are many sensor view angles from which to choose in sampling a surface with a remote sensor.  Here, 
we sample over θ = 0-55º and ϕ = 0-350º in 5º and 10º increments, respectively, yielding n = 397 samples.  A 
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maximum of θmax = 55º is chosen because this is the maximum available on the AVHRR satellite-borne sensor, 
for which the type of results sought here may eventually have application. 

If a narrow FOV remote sensor is not placed high enough above the surface relative to the scale of spatial 
variability over the surface, it may not view a representative sample of the surface, particularly for small θ.  Unless 
otherwise stated, all simulations use a sensor height of 450 m above ground and a 12º FOV sensor in order to 
imitate helicopter-borne thermal scanner observations, such as those of the August 15, 1992 Vancouver field 
study (Voogt and Oke, 1998).  Tests suggest this is sufficient for representative results (not shown). 
 
4. MODEL-OBSERVATION COMPARISON OF MAXIMUM THERMAL ANISOTROPY MAGNITUDE  
 

Modelled thermal anisotropy from August 15, 1992 at the Vancouver Light Industrial site is compared against 
corresponding observations resulting from a helicopter-mounted thermal scanner (Voogt and Oke, 1998).  Flights 
occurred at 0850-0950, 1235-1320 and 155-1635 local mean solar time (LMST), each of which comprised 3 flight 
lines at each of four sensor azimuthal view directions (N, S, E, W), while maintaining a constant off-nadir angle of 
~45º.  Between 80 and 130 images were captured during each flight line.  Observed maximum anisotropy is 
calculated in three different ways (Voogt and Krayenhoff, 2005) to obtain an estimate of the variability in the 
observations: a) the difference between the maximum image-averaged temperature and the corresponding 
minimum from all flight lines (‘image’ in Figure 1), b) the difference between the maximum flight line-averaged 
temperature and the corresponding minimum (‘flight avg’ in Figure 1), and c) the same as b) except the highest 
and lowest flight lines are excluded (‘flight excl.’ in Figure 1).  TUF-3D simulations use measured forcing data and 
parameters adjusted to give good energy balance and surface temperature results, and output demonstrates 
close agreement with results from the Mills (1997) facet-averaging 3-D model (Voogt and Krayenhoff, 2005).  
Modelled anisotropy is calculated as the maximum temperature difference from modelled remote sensor 
‘samples’ taken at increments of θ = 5º and ϕ = 10º over the ranges θ = 0-45º and ϕ = 0-350º, respectively. 

 

 
Figure 1: Comparison of modelled (TUF-3D & SUM) and helicopter-mounted thermal scanner observed maximum anisotropy as 
a function of zenith angle for August 15, 1992.  The three sets of observations correspond to three helicopter flight times, from 
left to right: ~1300 LMST, ~0920 LMST, and ~1615 LMST.  ‘Patch’ means SUM views each TUF-3D patch, whereas ‘facet’ 
means SUM views the averaged sunlit and shaded component temperatures of each facet. 

 
Figure 1 indicates that modelled maximum anisotropy (i.e. temperature range) demonstrates the appropriate 

trend with zenith angle but is consistently too small by 50% or more.  Given that little micro-scale variability is 
included in the TUF-3D model in its present implementation, this is not surprising.  The large area of roofs (λp = 
0.51), which have no temperature variability in TUF-3D, probably also contributes.  Another potential source of 
disagreement relates to the off-nadir angle used in the helicopter observations, which was only manually 
estimated and monitored.  Corresponding SUM simulations with an increased off-nadir range of θ = 0-55º yield 
modelled temperature ranges approximately twice those with θ = 0-45º (Figure 1), suggesting that the 
temperature range is very sensitive to θ. 

There are two other observations to be made from Figure 1.  First, modelled maximum anisotropy has a 
similar zenithal evolution but is larger in the afternoon compared to the morning.  Second, whether SUM views 
each individual patch or only facet-average sunlit and shaded view temperatures and associated view factors 
makes little difference to the computed anisotropy throughout the morning, with the exception of zenith angles of 
~ 40º.  However, this lack of difference may relate to the limited wall area of the Vancouver LI site or to the lack of 
sub-facet and inter-facet variation included in the model convection formulation, geometrical structure, and model 
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thermal and radiative parameters.  The combination of TUF-3D and SUM provides a tool for future investigation of 
these potential sources of difference. 
 
5. MODELLED THERMAL ANISOTROPY AS A FUNCTION OF BUILDING PLAN FRACTION (λλλλp) 
 

Simulations with ten different built densities (λp) are used to study the impacts of λp on maximum anisotropy 
for June 26 at a latitude of 47.6º (Basel).  Again, TUF-3D simulations use measured forcing data and parameters 
adjusted for model-observation surface temperature agreement.  For clarity, and since there is a smooth change 
in the anisotropy with λp (e.g. the λp = 0.22 curve falls between the λp = 0.18 and λp = 0.25 curves, etc.) except 
during day-night transitions, the evolution of the diurnal maximum anisotropy of only six λp ratios is plotted in 
Figure 2.  Anisotropy increases substantially during midday for all λp, but this increase is most pronounced in the 
range of λp = 0.25-0.33.  For λp ≤  0.25 there is a broad time period of maximum anisotropy during midday, and 
the hourly maximum is reached near 1400 LMST.  For higher λp, conversely, there exists a distinct peak at 1200 
LMST.  Nighttime anisotropy is less well defined, but there is nevertheless a monotonic relationship between 
thermal anisotropy magnitude and λp during the evening in Figure 2, with higher maximum anisotropy for higher 
λp.  The λp ordering in the early morning hours in Figure 2 differs, probably due to the proximity to the 0200 LMST 
prescribed initial conditions, which may not fully reflect the differential heating over the 3-D surface during the 
previous day. 

Figure 2: Hourly modelled maximum thermal anisotropy for a range of λp. 
 

Mean and maximum anisotropy as a function of λp both peak at λp = 0.29, and remain nearly as high for λp = 
0.25 and 0.33 (Figure 3).  Thus, the combined energy balance and sensor view models suggest that anisotropy is 
maximized during the day for λp = 0.25-0.33, given the diurnal solar angles of June 26 at a latitude of 47.6º, and 
simple aligned arrays of cubic buildings with no sub-facet variation.  It is interesting to note that this corresponds 
roughly to the λp ratios that are expected to maximize aerodynamic roughness (Grimmond and Oke, 1999).  Both 
daytime anisotropy and roughness depend on a maximization of ‘active’ wall area, that is, wall area that is not 
rendered inactive due to proximity of adjacent buildings (i.e. wake effects for roughness, and obstruction of off-
nadir sensor to wall surface view factors for anisotropy). 
 
6. MODELLED THERMAL ANISOTROPY AS A FUNCTION OF ARRAY ROTATION (ηηηη) 
 

Three λp = 0.25 simulations with array rotations (η) of 0º, 22.5º and 45º are analyzed in terms of the impact on 
thermal anisotropy.  Overall, impacts are small in terms of magnitude (mean absolute differences in anisotropy 
between the simulations are less than 10% for all hours).  The primary difference relates to the afternoon 
anisotropy, which is somewhat weaker for the η = 45º simulation.  It is caused primarily by a cooler temperature 
maximum in the late afternoon due to lower mean street temperature and higher mean wall temperature at these 
times relative to η = 0º and η = 22.5º. 
 
7. IMPACTS OF SUB-FACET ALBEDO VARIATION ON MODELLED THERMAL ANISOTROPY 
 

All simulations to date have employed unvarying radiative and thermal parameters across any given individual 
facet.  In order to take advantage of the sub-facet representation of the urban surface permitted by TUF-3D, two 
sub-facet albedo variations are introduced.  First, ‘sidewalks’ are mimicked in a λp = 0.25 array by setting the 
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albedo of all patches immediately adjacent to buildings to α = 0.26 (~ concrete) and the albedo of all other street 
patches to α = 0.04 (~ new asphalt), such that the street-average albedo is αstreet = 0.08 (street width is 8 
patches).  This corresponds to explicit representation of road and sidewalk albedos as opposed to a spatial 
average.  A second simulation employs a λp = 0.42 array and sets the albedo of 25 of the 121 patches on each 
wall to α = 0.50 in an evenly spaced manner (i.e. spaced as windows or shutters), and sets the remaining wall 
patch albedos to α = 0.135 such that the wall-average albedo is αwall = 0.21.  The intent of each modification is not 
to precisely model sidewalk and window surface temperatures but simply to mimic the spatial patterns of 
temperature variation that they might be expected to produce. 

Although the introduction of these sub-facet variations substantially increases facet temperature variability (not 
shown), it has little impact on modelled maximum anisotropy for the specific modifications introduced here 
(maximum absolute differences: 0.06 ºC at 0700 LMST for ‘window’ modification, and 0.22 ºC at 1300 LMST for 
the ‘sidewalk’ modification).  The ‘sidewalk’ modification introduces greater variation at midday for June 26 than 
the ‘window’ modification because streets are more important than walls in terms of the maximum 

 

Figure 3: Hourly modelled thermal anisotropy as a function of λp for the period 0600-1800 LMST. 
 
remotely-sensed temperature, which tends to have a θ that is similar to the solar zenith and therefore small.  
Differences due to the ‘window’ modification are limited primarily to θ > 40º (not shown), for which walls are more 
important in terms of modelled sensor view factor.  In reality cities demonstrate substantially greater sub-facet and 
inter-facet variation than modelled here, which probably significantly contributes to maximum anisotropy. 
 
8. CONCLUSIONS 
 

Maximum thermal anisotropy appears to be relatively conservative for most sensitivity tests conducted here, 
with the exception of variation of λp for λp < 0.25 or > 0.33.  Both maximum and mean daytime anisotropy are 
maximized in the range 0.25 < λp < 0.33 for the high sun angles and the simple arrays modelled here.  Rotation of 
the domain and introduction of sub-facet albedo variation have little effect on maximum anisotropy.  Maximum 
anisotropy for the Vancouver Light Industrial area is underestimated by the TUF-SUM simulations.  Several 
possible reasons exist, and the combination of TUF-3D and SUM provides a tool for their investigation. 
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ANALYSIS OF RADIATIVE TEMPERATURE USING THERMAL IMA GERY AND 
GIS DATA (PART 1) –DETAILED CHARACTERISTICS OF SUMM ER RADIATIVE 

TEMPERATURE OF PUBLIC SPACES IN OSAKA CENTRAL AREA-  
Takahiro Tanaka *, Masakazu Moriyama *and Tadashi Sasagawa ** 
*Kobe University, Kobe, Japan; **Pasco Corporation, Tokyo, Japan 

 
 
Abstract 
 
Concern about the urban heat island (UHI) phenomenon resulting from urbanization has been growing in Japan. 
A major countermeasure to UHI is to lower surface temperatures. To understand the detailed characteristics of 
radiative temperature distribution quantitatively is valuable as basic information for examination of this 
countermeasure. Consequently, this study aims at quantitative investigation of the radiative temperature of public 
spaces in detail for the Osaka central area. Averages of radiative temperatures were calculated for each land use 
category. Radiative temperature distributions were also analyzed in detail for park, water, and road areas. 
Principal findings we have described this report are the following. (1) In the park, the radiative temperature of 
“Grass” is lower than “Forest” and “Bare”. (2) On the wide east-west road, the radiative temperature on the north 
side of the road is higher than that of south side. 
 
Key words:  remote sensing, thermal infrared Image, GIS 
 
 
1. INTRODUCTION  
 
Concern about the urban heat island (UHI) phenomenon resulting from urbanization has been growing for the 
past few decades in Japan (Yamashita, 1996; Saitoh, Shimada, & Hoshi, 1996; Moriyama & Takebayashi, 2003). 
UHI has a negative influence not only on ecosystems, but also on human health through ailments such as heat 
stroke and stress caused by lack of sleep. Some investigators have reported that UHI also engenders air pollution 
and heavy rain (Crutzen, 2004; Jonsson, Bennet, Eliasson, & Lindgren, 2004). Therefore, the Japanese national 
government has produced “Principles for Countermeasure of Urban Heat Island” (Ministry of the Environment, 
Japanese National Government et al. 2004) to promote appropriate approaches for UHI abatement by national 
and local governments, private companies, and citizens. On the other hand, local governments such as that of 
Osaka have produced a “Promotion Plan for Heat Island Mitigation” (Osaka Prefecture, 2004) to arrange 
countermeasures. 
A major countermeasure to UHI is to lower surface temperatures. To precisely understand the detailed 
characteristics of radiative temperature distribution quantitatively is valuable as basic information for examination 
of this countermeasure. For that reason, thermal imaging is also valuable. 
Lougeay, Brazel, & Hubble (1996), Nichol, J.E. (1998), and other investigators have used thermal images 
obtained by satellite remote sensing. They are useful for urban or regional scale analysis. Nevertheless, it is 
difficult to analyze the detail of radiative temperature distributions in a city using thermal images obtained by 
satellite remote sensing because their spatial resolutions are not so high (e.g. Spatial resolution of thermal image 
by Landsat-7 ETM+ is 60 m). On the other hand, thermal imaging using infrared cameras is used to investigate 
radiative temperature distribution in the city. It is useful for understanding the detail of radiative temperature 
distribution in the sense. Generally, it is difficult to perform statistical analyses by overlaying this kind of data with 
other GIS data. 
Airborne thermal-sensing technology has progressed rapidly in recent years. To produce geo-referenced and high 
spatial resolution thermal image is possible today. Consequently, this study aims at quantitative investigation of 
the radiative temperature distributions in detail for the Osaka central area, by overlaying high spatial resolution 
airborne thermal image with GIS data. Averages of radiative temperatures were calculated for each land use 
category. Radiative temperature distributions were also analyzed in public spaces such as detail for park, water, 
and road areas. 
 
2. METHODS 
 
2.1. Study Area 
Fig. 1 shows the study area, a part of Osaka’s central area. This area includes a large park (Osaka Castle Park) 
in the east; it also has a business district along the wide street (Mido-Suji) in the west. 
 
2.2. Thermal Infrared Image 
 (1) Thermal Infrared Sensor 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

561



We used thermal images that represent radiative temperatures measured using an airborne thermal sensor 
(Thermal Airborne Broadband Imager, TABI; ITRES Research Ltd.). Table 1 shows the sensor specifications. 
This sensor can create a geo-referenced thermal image through integration with GPS/IMU. 
(2)Thermal Images by the TABI 
This study used two thermal images obtained by TABI. Table 2 shows the images’ outlines. We named these 
thermal images “Thermal Image 1 (Daytime)” and “Thermal Image 2 (Nighttime)” for convenience. Each pixel 
value in the thermal images represents the radiative temperature. It differs from the surface temperature because 
it is influenced by the atmosphere. However, relative differences of temperatures can be considered using them 
(Voogt & Oke, 1997). In addition, we infer that the radiative temperature of metal surfaces is less than the surface 
temperature. Therefore, we devoted particular attention to any roof made of metal. Figure 3 describes Thermal 
Image 1 (Daytime); Fig. 4 describes Thermal Image 2 (Nighttime). 
 
2.3 Objects of Analysis 
Analyzed objects in this study are: (1) averages of radiative temperatures for each land use category; (2) radiative 
temperature distribution in the park; and (3) radiative temperature distribution in the road area. 
 

Fig.1. Study area. 

Table.2. Outline of the thermal images. 

Table.1. Specifications of the TABI. 

Fig. 3. Thermal image obtained in the daytime (16:42–
16:55, 11 September, 2003). We denote this image as 
“Thermal Image 1” for convenience. 

Fig. 4. Thermal image obtained in the nighttime 
(23:33–23:48, 14 September, 2003). We denote this 
image as “Thermal Image 2” for convenience. 
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3. ANALYSIS AND RESULTS 
 
3.1. Averages of Radiative Temperatures for 
Respective Land Use Categories 
 
Averages of radiative temperatures for each land use 
category are calculated with overlaying thermal 
images and land use data. Results depicted in Fig. 5 
show the following. (1) In the daytime, the radiative 
temperature of the water area is lower than in any 
other area. In the nighttime, it is higher than in any 
other area: daytime and nighttime temperatures differ 
by about 2.0°C. (2) The radiative temperature of the 
park is lower in the daytime and nighttime. (3) During 
both the daytime and nighttime, radiative 
temperatures on paved areas such as road, parking, 
and highway areas, are higher than for any other 
areas: the difference between park and road areas is 
about 2°C in the daytime; it is 1.5°C in the nightt ime. 
In addition, radiative temperatures of the road include 
radiative temperatures of the automobile’s surface. 
Iino, Tsukamoto, & Kusakabe (2003) specifically 
addresses that influence. 
 
3.2. Radiative Temperature Distribution on the Park 
 
As indicated, the radiative temperature of the park is relatively lower than in other areas of this study area. Here, 
moreover, the radiative temperature was calculated for each land cover in the large park (Osaka Castle Park). 
Initially, we created a land cover classification map in the park using GIS, using aerial photography and a field 
survey. Fig. 6 depicts a map that divides all surfaces in the park into four types:  
“Forest”, “Grass”, “Bare”, and other. Subsequently, histograms of radiative temperatures for respective land cover 
classifications were made with overlaying thermal images (Thermal Images 1 and 2) and land cover data. Results 
are shown in Fig. 7, indicating the following. (1) The radiative temperature of “Grass” is lower than the others 
during daytime and nighttime. That difference is larger particularly in the nighttime: the difference between “Grass” 
and “Forest” is about 0.4°C in the daytime; it is 1 .0°C in the nighttime. (2) The radiative temperatur e of “Bare” is 
slightly lower than “Forest” in the nighttime. In the daytime, the difference between “Bare” and “Forest” is almost 
nonexistent: the difference between “Bare” and “Forest” is about 0.7°C in the nighttime. 
 

Fig. 5. Averages of radiative temperatures for 
respective land use categories. 

Fig. 7. Histograms of radiative temperatures for each 
land cover classification (daytime and nighttime). 

Fig. 6. Land cover classification map of Osaka Castle 
Park. These data were created as GIS vector data 
using aerial photography and field surveys. 
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3.3. Radiative Temperature Distribution on the 
Wide East-West Road 
 
As explained earlier, the radiative temperature of the 
road area is relatively higher than that of any other 
area. Therefore, radiative temperatures were 
analyzed on the wide road. Radiative temperature 
was analyzed on some parts of “Honmachi-Dori”. As 
Fig. 1 shows, “Honmachi-Dori” is the wide east-west 
road. Fig. 8 depicts thermal images and the map 
around the road. Fig. 8 shows that the radiative 
temperature on the north side of the road is higher 
than south side in the daytime and the nighttime. This 
seems to be because the north side of the road is 
exposed to sunlight for more hours in the daytime and 
the south side is in the shade of the building for more 
hours in the daytime. 
The difference of the radiative temperatures between 
north side and south side of the road was calculated 
quantitatively. We found that the difference between 
the north part and south part is about 2.0–2.5°C in  the 
daytime; it is about 1.0–1.5°C in the nighttime. 
 
4. SUMMARY 
This study analyzed characteristics of radiative temperature distributions of public spaces in the central Osaka 
area in summer using thermal images. Findings we have described are the following. (1) In the park (Osaka 
Castle Park), we observed differences in radiative temperatures according to the land cover. Radiative 
temperature of “Grass” is lower than “Forest” and “Bare”. Particularly in the nighttime, the difference is large. The 
difference between “Grass” and “Forest” is about 0.4°C in the daytime, whereas it is 1.0°C in the nigh ttime. (2) On 
the “Honmachi-Dori” (wide east-west road), the radiative temperature on the north side of the road is higher than 
that of south side in the daytime and in the nighttime. The difference between the temperatures of the north side 
and south side is about 2.0–2.5°C in the daytime; i t is about 1.0–1.5°C in the nighttime. 
Finally, further research should particularly address the following subjects. (1) In this study, relative comparison 
and consideration were undertaken using radiative temperature because ground truth data are unavailable. We 
made no evaluation using surface temperatures. Evaluation using surface temperatures seems to be necessary 
to apply the findings in this study to actual urban planning and design cases. (2) We should propose some 
measures for UHI mitigation to urban planning and design based on findings obtained through the present study. 
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Fig. 8. Thermal images and map around the 
“Honmachi-Dori”. The upper panel shows Thermal 
Image 1 (daytime), the second is Thermal Image 2 
(nighttime), and the bottom panel shows the map 
around “Honmachi-Dori”.  
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Abstract 
 
This study aims at evaluating the possibility to make rooftop greening and cool-roof in the center business district 
in Osaka, by using aerial photo. Average radiative temperatures for each component in the roofs are also 
calculated, by overlaying thermal image and GIS data. Major findings in this study are as follows. (1) The roof 
area on which there is nothing is about 57% of all roof area. And the average radiative temperature of the area is 
higher than any other roof area in the daytime and nighttime. (2) The radiative temperature of rooftop with 
greening is about 1.1� lower than the average of all roof area in the daytime and nighttime.  
 
Key words: rooftop greening, cool-roof, thermal image 
 
 
1. INTRODUCTION  
 
In recent years, rooftops greening and cool-roof are considerable as one of the countermeasures against Urban 
Heat Island (UHI) phenomenon (1)(2). It is effective to lower the surface temperature of building roofs from the view 
of UHI mitigation, because building area is relatively large in city area (3). In the business district, the potential to 
make rooftop greening and cool-roof is relatively high, because this district is high density. Although, researches 
on heat budget of rooftop greening and cool-roof have been done, there are few researches that investigate 
quantitatively the potential to make them in actual city. Therefore, all roof area is investigated quantitatively, and 
then, the areas for each roof surface element are also calculated, by using aerial photograph. It is first goal to 
understand how much area we can make rooftop greening and cool-roof actually, through these investigations. 
Second goal is to calculate the averages of radiative temperature for each roof surface element by using thermal 
image. 
 
2. METHOD   
 
2.1 STUDY AREA 
 
Study area is shown in Fig. 1. This area is a part of business district in the Osaka central area. Total area is about 
64 ha.  
 
2.2 CLASSIFICATION OF ROOF AREA 
 
 The classification of roof areas was performed as follows (Fig.2).  
1) Vector GIS data that represents roof shapes were created by referencing geo-referenced aerial photograph. In 
this study, we focused on the roof whose are is more than 200 m2 in order to find the outline of the roof surface 
element on the aerial photograph. 
2) Vector GIS date that represents each roof surface element also created by referencing aerial photograph. 
3) We considered the roof area which can include the rectangle whose long side length is 10 m and whose short 
length are 2 m as without roof surface element as rooftop greening and cool-roof possible area. This is because it 
thought that construction of rooftop greening is difficult in a narrow space. “Only cool-roof possible area” was 
defined as “areas without roof surface element” except for  “rooftop greening and cool-roof possible area”. This is 
because even on narrow areas we can make cool roof, since it is paint. Thus, "the area without an roof surface 
element" was devided into "rooftop greening and cool-roof possible area" and "only a cool-roof possible area"  
Moreover, we added the flat upper surface area of penthouse to “only cool-roof possible area”.  
 
2.3 ANALYSIS OF RADIATIVE TEMPERATURE OF ROOF  
 
1) Average radiative temperature for every roof surface elements was calculated by overlaying thermal image and 
vector GIS date that represents roof surface elements.  
2) “Area without roof surface elements was classified based on painting color. The categories were” white”, 
“green”, “gray”, and “not painted”. This classification was performed by referencing aerial photograph. We 
investigated the difference of surface radiative temperature between painting colors.   
3) Tree cases shown in Table 1 were evaluated from the view of radiative temperature. 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

565



 
2.4 THE OUTLINE OF THE USED DATE 
 
The outlines of the aerial photograph we used in this study as follows. 
The Date:05/2002, Spatial resolution: 25cm, Scale: 1/10.000 
We used same thermal image with part 1. 
 
3. RESULTS  
 
3.1 CLASSIFICATION OF ROOF SURFACE ELEMENTS  
 
324 roofs were extracted as focused roof. And the total area was about 22.3 ha. 
Fig. 3(A) is the details of the roof surface elements. The rate of an air conditioner outdoor unit and a penthouse 
was large relatively, and 57.3% of all roof are was " without roof surface element." 
 
3.2 PRESUMPTION OF ROOFTOP GREENING AND COOL-ROOF POSSIBLE AREA  
 
Fig. 3 (B) is the details of the “rooftop greening and cool-roof possible area”. "Rooftop greening and cool-roof 
possible area" were 25.0% of the all roof areas, and "only cool-roof possible area" was 32.3%. 
 
3.3 RADIATIVE TEMPERATURE OF EACH ROOF SURFACE ELEMENT  
 
Fig. 4 shows average radiative temperature of the each roof surface element in the daytime. Fig. 5 is in the 
nighttime. The “greening” was lower than the all roof about 1.1degree in the daytime, but there is little difference 
in the nighttime. And the difference of “greening” temperature between daytime and nighttime was small relatively. 
Radiative temperature of "the area without roof surface element” is the highest in the daytime and nighttime. The 
difference of radiative temperatures of the “tile” between daytime and nighttime was large compared with other 
roof surface element. 
 
3.4 RADIATIVE TEMPERATURE OF EACH PAINT COLOR  
 
Fig. 6 shows average radiative temperature of “the area without roof surface element” for each paint color in the 
daytime. Fig. 7 is nighttime. Average radiative temperature “white” was the lowest in the daytime and nighttime. 
The difference “white” and “not paint” was about 3.0degree in the daytime and 2.5degree in the nighttime.  
 
3.5 EVALUATION OF CASES 
 
Table 1 shows the result of the evaluations. In the case1, changing all roof areas that “rooftop greening and cool-
roof possible area” into rooftop greening, and the average radiative temperature of the all roof for investigation at 
that time was calculated. In the case2, changing all roof areas that “rooftop greening and cool-roof possible area” 
and “only cool-roof possible area” into cool-roof. The radiative temperature of a cool-roof possible area was 
change to the average radiative temperature of the roof painted “white”. This is because the reflectance of a cool 
roof is similar to “white”. In the case3, changing all roof are that “rooftop greening and cool-roof possible area” into 
rooftop greening, and “only cool-roof possible area” into cool-roof. 
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Fig.4 Radiative temperature of the roof surface element (Daytime)  Fig.6 Radiative temperature of each cooler 

(Daytime) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 Radiative temperature of the roof surface element (Nighttimes) Fig.7 Radiative temperature of each cooler 

(Nighttimes) 
 
 
Table 1. A change of radiative temperature of the rooftop after the rooftop greening and the cool-roof 
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Abstract 
 
We used LIDAR-derived building database and landcover GIS data layers to estimate urban roof, canyon, and 
floor parameters commonly used in urban climate studies.  We estimated height-to-width ratio (HWR) using a GIS 
approach with good accuracy.  In this paper, we also presented a simple approach to estimate canyon wall area 
effectively and quickly in a GIS environment.  Furthermore, we used Landsat 7 ETM+ images to estimate 
directional radiometric temperatures (T) and NDVI.  We found that T increases with impervious surface, HWR, 
and roof area while decreasing with vegetated/soil surface, tree count, and canyon width. 
 
Key words: Urban Heat Island, GIS, Remote Sensing 
 
1. Introduction 
 
Atmospheric energy balance, transport, and dispersion models rely upon detailed and accurate urban canyon 
parameterizations.  In this paper, we are concerned with the estimation of height-to-width ratio (HWR), which is an 
useful approximation of the sky-view factor (SVF) (e.g. Oke 1981, 1987), and the characterization of the canyon 
floors, such as pervious and impervious fractions (e.g Arnfield 1982, 2000; Masson 2000).  In recent years, 
tremendous progress has been made to incorporate the use of three-dimensional building databases and 
geographic information systems (GIS) in estimating these parameters (e.g. Brown et al. 2002; Burian et al. 2002a, 
2002b; Souza et al. 2003).  Furthermore, Voogt and Oke (2003) outlined recent advances in the use of thermal 
remote sensing technologies in a variety of urban climate studies.  There are three main objectives in this paper.  
First, we examine the relationship between remotely sensed surface temperature (using Landsat 7 ETM+ band 6) 
and urban land-cover characteristics such as percent impervious surface, tree counts, and normalized difference 
vegetation indices (NDVI).  Second, we explore the use of LIDAR-derived physical properties of building 
structures in surface urban heat island study.  Third, we demonstrate and validate the use of GIS methods to 
extract HWR, roof characteristics, and other canyon floor attributes. 
 
2. Data and Methods 
 
2.1 Deriving NDVI and Directional Radiometric Temperatures 
We obtained seven Landsat 7 ETM+ scenes (dates include 5/11/2000; 10/02/2000; 5/30/2001; 8/02/2001; 
6/18/2002; 8/05/2002; and 9/06/2002).  These scenes were rectified using sixty ground control points obtained 
visually from USGS DOQQs.  For each scene, NDVI was computed as follows: 

NDVI = (NIR – RED)/(NIR + RED) 
Voogt and Oke (2003) provided thorough discussion of the various definitions of surface temperature parameters 
commonly used in thermal remote sensing studies.  In this paper, we attempted to estimate directional radiometric 
temperatures (T), those that have been corrected for atmospheric transmission and surface emissivity effects.  A 
series of steps were involved.  Band 6 digital number (DN) was converted into at-satellite effective radiance 
(ASER) using the calibration algorithm documented in the Landsat 7 Science User Handbook 
(http://ltpwww.gsfc.nasa.gov/IAS/handbook/handbook_toc.html) as follows: 

(17.045/254) * (DN – 1) 
Meteorological records (air temperature, relative humidity, sky condition, and visibility) were extracted from the 
Unedited Local Climatological Data Hourly Observations Table for DCA (Washington National Airport) for the 7 
dates at 10:00am Local Time.  Dates in 2003 with similar combinations of 10am meteorological records were 
identified as input parameters into the Atmospheric Correction Parameter Calculator 
(http://tightrope.gsfc.nasa.gov/atm_corr/atm_corr.html).  The calculator then returned three parameters: Band 
average atmospheric transmission (t); Effective bandpass upwelling radiance (Lu); and Effective bandpass 
downwelling radiance (Ld).  Assuming an emissivity (ε) of 0.98, atmospheric corrected surface radiance (ACSR) 
was computed as follow: 

ACSR = [ASER – Lu – (1-ε)Ld] / (t x ε) 
Using a calibration algorithm, ACSR was then converted to Directional Radiometric Temperature (T) as follows: 

T = 1282.71/ln[(666.09/ACSR)+1] 

                                                 
* Corresponding author address: Ivan Cheung, Association of American Geographers, 1710 Sixteenth Street, NW, 
Washington, DC 20009, USA, icheung@aag.org 
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2.2 Urban Canyon Floor Landcover Types and Sampling Design 
The Washington, DC, Office of the Chief Technology Officer (OCTO) maintains and distributes comprehensive, 
highly resolved, and timely GIS data layers (http://dcgis.dc.gov/dcgis/site/default.asp).  In this paper, numerous 
layers were extracted and later combined to form aggregate urban canyon floor landcover types.  “Road”, 
“median”, “sidewalk”, and “parking lot” polygons were aggregated to form “impervious surface”.  “Wooded”, 
“planter”, and “miscellaneous” (including patches of grass) were aggregated to form “vegetation/soil”.  The 
aggregation process was completed using ArcMap software.  Moreover, over 346,000 trees were recorded in the 
“tree” layer.  This layer was included for demonstration purpose as it was dated to 1999.  However, street trees, 
the main focus of this paper, tend to be fairly stable in terms of their locations and numbers, especially in the 
urban core.  Furthermore, the “road” polygon’s “intersection” subcategory and “centerline” layers were used to 
determine our sample points.  We systematically created 51 transects evenly distributed across DC.  Along each 
of these transects, a number of sample points were extracted, selecting points that include both intersection and 
canyon types.  In all, 246 valid sample points were used in this paper. 
 
2.3 GIS-based Height-to-width Ration Estimation (HWR) using LIDAR Imagery 
In recent years, the adaptation of airborne LIDAR imagery has become popular (e.g. Gamba and Houshmand 
2000, 2002; Gamba et al. 2003).  We obtained a LIDAR-derived building data layer (dated 2002) from the USGS.  
This data layer includes 26,801 building structures.  It is important to note that each structure may include multiple 
individual buildings.  An attribute of particular interest is “average height”.  Using GIS, we combined the OCTO 
GIS data layer and the LIDAR-derived building GIS data layer to estimate the widths of the street canyons at the 
246 valid sample points.  The average heights of the closest buildings (Fragment) were used to estimate HWR.  
We also estimated the wall areas following the schematic shown in Figure 1.  Furthermore, the LIDAR-derived 
data layer also includes attributes regarding the types of roofs.  They include “multi-level, flat”, “multi-level, pitch”, 
“simple, flat”, and “simple, pitch”. 
 

 
Fig. 1. Schematic illustrating how wall areas are estimated. 
 
2.4 Spatial and statistical analyses 
We extracted NDVI and directional radiometric temperatures (T) at the sample points and computed areas of 
“impervious surface”, “roof”, “vegetation/soil” landcover types using 30m radius from the sample points.  Pearson 
correlation coefficients were computed to evaluate the strength of relationship between these estimated urban 
canyon parameters, NDVI, and Directional Radiometric Temperatures (T).  Furthermore, we also performed the 
difference of means tests to examine the influence of roof types on T. 
 
3. Results and Discussions 
 
Table 1 shows select descriptive statistics of the urban canyon characteristics estimated from the GIS analyses.  
Because this paper covers much of DC, hence involving both the urban core with high-rise building, to medium 
and low density residential streets, a high degree of variability is expected.  HWR ranges from 0.1 to 2.2 with a 
mean of 0.3.  These values are comparable to values obtained for other cities.  For example, Brown et al (2002) 
reported HWR of 0.77 and 0.54 respectively in the downtown cores of Los Angeles and Salt Lake City.  The 
HWRs are considerably lower in the respective residential areas (0.33 and 0.37).  A validation study, by making 
field observations through select canyons, showed strong agreements with the values obtained from the GIS 
analyses. 
 
Directional radiometric temperatures obtained from Landsat 7 ETM+ image relate positively to impervious surface, 
HWR, and estimated roof area whereas inversely related to vegetated/soil surface, tree count, and canyon width.  
Furthermore, we also found that NDVI captures critical parameters in urban canyon morphology such as 
impervious surface, average building height, HWR, and estimated wall area (Table 2).  This result indicates that 
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while these select urban canyon and floor attributes can be effectively estimated using GIS approach, their 
impacts on surface temperature as seen by Landsat 7 ETM+ are statistically significant and considerable.  
Furthermore, there exist statistically significant (99% CL) differences in directional radiometric temperature 
between multiple roofs and simple roofs as well as between flat roofs and pitch roofs. 
 

     Standard 
 Unit Minimum Maximum Mean Deviation 

Impervious Surface (30m Radius) m2 662.3 2749.4 581.9 40.3 

Vegetated/Soil Surface (30m Radius) m2 13.1 2091.8 822.0 67.2 

Average Building Heght (30m Radius) m 3.6 37.5 9.3 6.1 

Canyon Width (30m Radius) m 11.3 58.5 35.2 11.3 

Height-to-width Ratio (30m Radius)  0.1 2.2 0.3 0.3 

Estimated Wall Area (60m x 60m) m2 27.6 4540.8 992.9 771.7 

Estimated Roof Area (60m x 60m) m2 1.0 2880.0 928.4 767.0 
Table 1. Descriptive statistics of urban canyon characteristics 
 
 Directional Radiometric Temperature (Individual Scene) Composite 
 5/11/00 10/2/00 5/30/01 8/2/01 6/18/02 8/5/02 9/6/02 Max T NDVI 
Impervious 
Surface (30m 
Radius) 

-0.215 not sig 0.250 0.247 0.261 0.220 0.190 0.220 -0.464 

Vegetated/Soil 
Surface (30m 
Radius) 

not sig not sig -0.354 -0.331 -0.313 -0.293 -0.232 -0.293 0.634 

Average Building 
Heght (30m 
Radius) 

-0.402 -0.172 0.154 0.237 0.262 not sig not sig not sig -0.375 

Canyon Width 
(30m Radius) 

0.167 not sig -0.138 -0.133 -0.128 -0.174 -0.136 -0.174 not sig 

Height-to-width 
Ratio (30m 
Radius) 

-0.391 not sig 0.187 0.259 0.262 0.147 0.138 0.147 -0.233 

Tree Count (30m 
radius) 

not sig -0.204 -0.297 -0.285 -0.324 -0.312 -0.285 -0.312 0.295 

Estimated Wall 
Area (60m x 60m) 

-0.377 -0.158 0.127 0.207 0.230 not sig not sig not sig -0.303 

Estimated Roof 
Area (60m x 60m) 

-0.172 not sig 0.160 0.147 0.173 0.179 0.175 0.179 not sig 

Table 2. Pearson correlation coefficients between landcover characteristics, temperatures, and NDVI.  Only those 
coefficients significant at the 99% confidence level are shown. 
 
This paper illustrates the use of LIDAR-derived building database and other GIS data layers in estimating 
parameters (roof, canyon, and floor) critical in atmospheric energy balance, transport, and dispersion studies.  
Field based validation of HWR along select canyons shows that the GIS procedures yield successful and 
accurate estimations.  Additional analyses are needed in this research to understand how HWR in DC varies 
according to land use types.  We intend to use Masson (2000) model to examine various heat flux estimates for 
DC in the future by incorporating the parameters presented in this paper. 
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Abstract 
 
In August 2003, the region of Paris experienced nine consecutive days with air temperature up to 40 °C, and nocturnal 
minimum steadily increasing from 20 to 25.5 °C at t he peak of the heat wave. Time series of 50 NOAA-AVHRR 
satellites images, from  August 4th to 13th 2003, were processed to retrieve the diurnal variation of surface temperature 
and the distribution of its amplitude. The land cover classification of the Paris basin was mapped from a high resolution 
multi-spectral SPOT image. Combined interpretation of surface temperature and land-cover shows the effects of 
buildings density and surface physical properties on sensible heat flux. During the day,  downtown Paris is cooler than 
industrial suburban districts, whereas during the night, it is warmer due to a significant heat island. The negative 
correlation between the afternoon land surface temperature and normalized vegetation index shows the cooling effect 
of urban parks, even in downtown. Combining high spatial resolution SPOT and AVHRR data we have identified those 
regions of the Paris metropolitan areas that are most vulnerable to heat stress. This will allow more precise health 
public safety alerts in future heat-wave situations. Comparison between time-series images of August 1998, a normal 
summer, and 2003, indicates a large difference in surface temperature amplitude, confirming the impact of high 
nighttime temperatures in the heat wave process. 
 
Keywords: heat wave, land surface temperature,  satellite remote sensing, land cover classification.  
  
 
1. INTRODUCTION 

 
In summer 2003, a persistent anticyclone over western Europe blocked the rain-bearing depressions from the Atlantic 
ocean and advected very hot air northward from south of the Mediterranean.  Theses conditions resulted in a heat-wave 
of exceptional strength and duration, and a death toll exceeding 30,000.  According to Shar et al. (2004), mean summer 
temperatures exceeded the 1961-90 mean by ~3°C, (5 standard deviations).  The European summer climate might 
experience a pronounced increase in year to year variability in response to greenhouse emission, possibly explaining 
the summer of 2003, and might affect the future incidence of heat waves and droughts (Meelh and Tebaldi, 2004).   
Temperatures anomalies were most extreme in France, resulting in an uttermost death toll of 14,802.  The region of 
Paris experienced nine consecutive days with maximum air surface temperatures up to 40°C, and with mini mum 
temperatures steadily increasing from 20 to 25.5°C at the peak of the heat wave (August 11-12). The anticyclonic 
conditions combined with the emission of pollutants triggered an increase of ozone, nitrous oxide and particles. The 
heat stress resulted in 4,867 heat-fatalities for the Paris basin alone, corresponding to a mortality increase of 60% 
(Vandentorren et. al., 2003). In Paris the air surface temperature was probably underestimated, since it was recorded at 
a meteorological station located in the Montsouris Park.  Indeed, as in most cities, the urban weather stations network 
was too sparse to monitor the spatial variability of surface temperature gradient.  This later is best observed from 
satellite thermal infrared images. Over the years, remote sensing studies have demonstrated the relationship between 
the development of urban conurbations, complex heat island patterns and the spatial variability of surface temperature 
(Dousset and Gourmelon, 2003).   
 
2. SATELLITE IMAGES ACQUISITION AND PROCESSING 

 
The analysis covers the nine days of the 2003 heat wave, from August 4th to 13th.  The data set comprises a SPOT High 
Resolution Visible multi-spectral image, acquired on July 13 2003, and 50 NOAA Advanced Very High Resolution 
Radiometer satellite images acquired at the receiving station of the Istituto Nazionale di Oceanografica e di Geofisica 
Sperimentale in Trieste. Additional atmospheric data was obtained from the air quality agencies of AIRPARIF and 
Météo-France. Human health and mortality statistics were provided by the French National Health agency: “Institut de 
Veille Sanitaire”. 

 
2.1. SPOT image 
 
The SPOT-High Resolution Visible image was preprocessed to level 1B that includes detector radiometric equalization, 
bulk geometric processing to remove the earth rotation effect, resampling across-track to remove the off nadir imaging 

                                                 
*  Corresponding author address: Benedicte Dousset, NOAA - Air Resources Laboratory, 1315 East West Hwy. Silver 
Spring, MD 20910, U.S.A.   benedicte.dousset@noaa.gov 
Permanent affiliation: University of Hawaii at Manoa, U.S.A.  bdousset@hawaii.edu 
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effect and to obtain a 20-m pixel size.  An unsupervised land cover classification of Paris was derived from the four 
channels of the SPOT HRV4 image. It comprises 6 land classes corresponding to water, urban densely built, suburban 
residential, light bare soils, densely vegetated (forest), lawns and fields. The classification was further validated using 
the Vegetation Index obtained from the Normalized Difference (NDVI) of a visible and a near-infrared channel. 

 
2.2. NOAA-AVHRR images  

 
In summer 2003, the availability of 3 NOAA satellites (12, 16 and 17) provided a repeat of up to 6 images per 24 hours, 
allowing the study of the surface temperature diurnal cycle. Images with small satellite to zenith angles were selected to 
ensure ground resolution close to 1.1 km, and minimum anisotropic effects. The images were geometrically corrected 
for earth rotation and curvature, and interactively registered to a Lambert projection. The AVHRR scans in five spectral 
channels centered at 0.62µm, 0.91µm, 3.74µm, 10.8µm and 12.µm.  For each satellite pass, an image was produced 
for each channel.  Land albedo and daytime cloudiness were derived from channel 2, and nighttime cloudiness from the 
difference of channels 3 and 4. Cloudy pixels were flagged according to a threshold based on the histograms of cloud-
free images. Vegetation Indices (NDVI) were obtained from the normalized difference of channel 1 and 2. The 
differential atmospheric attenuation of infrared channels 4 and 5 (McClain et. al., 1985) yield to a negligible multi-
spectral correction, given the uncertainties related to correction based on radiative transfer model and in-situ 
radiosonding.  Given that, within the 8µm to 14µm spectral range, typical urban surfaces emissivities vary between 0.85 
and 0.98, brightness surface temperatures are lower than actual Land Surface Temperatures (Becker and Li, 1995). 
The error was approximated by linearizing Planck's law.  Typical pixel-averaged emissivities were then estimated using 
both land cover classification and spectral library data (Salisbury, D’Aria, 1992), and corrections were applied to convert 
channel brightness temperature to LST.  

 
Geographic Information Systems were used to merge the 20-m pixels of the SPOT images, with the 1-km LST pixels of 
the NOAA-AVHRR thermal images, and to generate land use / cover fractional images.    Images of averaged LST were 
constructed for the times of the NOAA satellites passes (i.e  1-4 , 4-7, 9-12, 12-15, 15-18, 20-23 UTC), and interpreted 
as a function of the land use classification.  
 
 
              NOAA-AVHRR, 1-4 UTC, 4th-13th Aug. 2003                       Building density of the Paris basin, July 2003  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                            
                                                                                
Fig. 1: Nighttime composite IR image of Paris Land Surface Temperatures (°C), based on nine NOAA-AVHRR ther mal 
IR images sensed in between 1-4 UTC, from August 4th to 13th 2003. 
   
Fig. 2: Percentage of the densely built class, at 1-km resolution, derived from the 20-m resolution land cover 
classification of Paris. 
 
3. SURFACE TEMPERATURE VARIABILITY 
 
3.1. Urban heat islands 

 
Figure 1 represents the composite NOAA-AVHRR thermal infrared image of Paris, constructed from 9 images collected 
between August 4th and 13th 2003, in a time range comprised between 1 and 4 UTC. The image shows a significant 8°C 
heat island concentrated in downtown that corresponds to the different cooling rates of urban and rural areas. The 
parks of Boulogne and Vincennes at the western and eastern limits of Paris, respectively, and the suburban and rural 
surfaces rapidly cool owing to evapotranspiration and / or unobstructed fields of view.  Conversely, in downtown Paris, 
buildings and streets cool slowly, due to the trapping of long-wave radiation within urban canyon, and the lack of 
moisture availability.  The surface temperature gradient is well correlated to the distribution of built density seen in 

PARIS 

Boulogne 
  Park 

Vincennes 
   Park 
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Figure 2. During daytime (not shown here) many heat islands of up to 11°C are scattered in the densely  built and / or 
industrial suburbs, were highest LST of 38 to 41°C a re observed. The rapid warming results from the surfaces low 
thermal inertia and open spaces. In downtown Paris the LST is slightly cooler 36 ~ 38°C.  The coolest ar eas include the 
urban parks and the vicinity of the Seine river 34 ~ 36°C. 
 
3.2. LST mean diurnal cycle 

  
Maximum and minimum LST and amplitude of the diurnal cycle were derived from the composite images. Figure 3 
shows the mean diurnal cycle of radiant surface temperature at three locations: in downtown Paris, in an industrial 
suburb to the north, and in the Boulogne Park to the west. The LST diurnal cycle indicates a near constant difference of 
~ 1.5°C to 2.2°C between downtown and the park, owi ng to comparable thermal inertia, but differences of -2°C at  night, 
and +5.5°C in the morning between downtown and the industrial suburb.  Since industrial surfaces have a lower thermal 
inertia, they are warmer in daytime and cooler at nighttime than the downtown and parks areas (Fig. 4). Similar patterns 
were observed in a previous analysis of the 1998 summer (Dousset and Gourmelon, 2003), although lower minimum 
LST averted the occurrence of a heat wave. 

 
 

                       Mean LST diurnal cycle during the heat wave                                            LST (C) of built vs. vegetated areas 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         
 
          
 
 
 
 
 
Fig. 3: Mean diurnal cycle of Land Surface Temperature during the heat wave constructed from 50 NOAA-AVHRR 
images, from August 4th to 13th 2003. 

 
Fig. 4:  Land Surface Temperature of built areas (downtown and industrial suburb) versus that of an urban park.  

 
 

 3.3. Urban and suburban vegetation 
 

In spring 2003, both the strong incident radiation and large 
precipitation deficit progressively reduced the moisture 
content of the soil, lessening the surface latent heat flux 
and enhancing the sensible heat flux, thus contributing to 
high temperatures. Indeed, the vegetation index (NDVI) 
was lower in August 2003 than 1998 reflecting drier 
conditions. Figure 5 represents the bivariate histogram of 
the LST afternoon composite image of August 2003, versus 
the NDVI.  It indicates a negative correlation of 2°C per 
NDVI unit value.   In early afternoon, the LST difference did 
not exceed 2.2°C between downtown and the Boulogne 
Park, and 3.8°C between the later and the industrial  
suburb. Although, in the afternoon the LST in the urban 
park were relatively similar in August 1998 and 2003, at 
night they were 2°C higher in 2003 than in 1998. 
 
Fig. 5:  Bivariate histogram of the Paris basin LST in the 12-
15 UTC range, August 4th to 13th 2003, versus the NDVI. 

O   Industrial suburb 
 

Downtown * Industrial suburb 
o  Downtown 
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4. SUMMARY 
 
Results indicate large surface temperature gradients and contrasted warming patterns: at nighttime a large heat island, 
up to 8°C is concentrated in the city center and at  daytime multiple heat islands up to 11°C are scatt ered in suburban 
industrial areas.  Conversely to prevailing concepts the heat island magnitude is higher at daytime than at nighttime.  
Larger surface temperature amplitude occurs between parks and industrial areas at daytime, and between downtown 
and suburban areas at nighttime. The combination of thermal and visible images reveals the strong relationship of 
surface temperature and built density, particularly at night. Although averaged daytime maximum LST were relatively 
similar in August 1998 and 2003, the mean minimum LST was comprised between 8°C to 17°C in August 1998 an d 
17°C to 26°C in August 2003, confirming the impact o f high nighttime temperatures in the heat wave process.  It is this 
lack of relief at night, rather than high daytime temperatures, that put people at risk. 

 
Combining high spatial resolution SPOT and AVHRR data we are now identifying those regions of the Paris 
metropolitan areas that are most vulnerable to heat stress, defining thresholds and environmental indicators that will 
allow more precise health public safety alerts in future heat-wave situations. Although Paris is chosen as a case study 
having experienced an extreme heat wave, the method should be general and applicable to other cities as well. 
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ABSTRACT 
 

This study focus upon winter road accidents and the relationship to weather and slipperiness. 
Data from the Swedish RWIS system is used in order to classify type of slipperiness and the 

severity of the situation in relation to the number of road accidents that take place during 
each specific situation. The result shows a very clear picture that the number of accidents 

increases with increasing severity of the situation. Most accidents occur during situation with 
rain and a surface temperature around 0°C and during situation with snow. 

 
Keywords: Road climatology, RWIS, Winter road accidents, Winter maintenance  

 

1. INTRODUCTION 
Road weather information systems (RWIS) were introduced during the beginnings of the 1980ths as a tool for 
maintenance organisations to perform more efficient winter road activities. In Sweden and several other 
countries the systems were built up in somewhat different way compared to ordinary meteorological station 
networks. The development of local slipperiness was one of the key factors to be able to monitor. Therefore 
field stations were located in areas where local slipperiness was often developed early during specific weather 
situations. Shaded areas are an example of a part of the road where a cold surface could be found during 
morning hours if the road stretch is sheltered from direct insolation or during the evening if direct shot wave 
radiation is obstructed. Other type of typical locations where valleys were cold air pooling could result in lower 
than average surface temperature as well as an early decline in temperature during the evening.  
 
The description of the general idea behind RWIS presented above gives an understanding of the fact that the 
possibilities of the Swedish way of building a system give many opportunities. However it requires a good 
understanding of the system as well as in climatology. Since the system was introduced the performance of 
winter maintenance as well as how the information from RWIS is used has changed in many ways. Today  there 
is therefore a great need to develop tools that helps in interpreting the data collected at field stations and make 
them more useful as information regarding if a salting activity is necessary to perform or not. 
 
The present study deals with this task and focus upon a way to grade different weather events in respect of how 
important it is to perform intense winter maintenance. As way of grading different events the number of 
accidents is used. The hypothesis is: 
 

That it is possible to find a linkage between winter slipperiness events classified by use of RWIS-data and the 
number of accidents taking place during that situation. 

    
If the hypothesis is true a further use of the RWIS-data could be achieved, i.e. the data is not only used as an 
information about the local road stretch where the station is located but as node in a system the classify the 
weather situation in a wider extent.  
 
 
2. METHOD 
I n this study accident data for two winter seasons where used. The data are collected by the police and gives 
information about type of accident, timing, location as well as many other facts. Only accidents that could be 
related to winter road conditions where used in the study. To be able to select these accidents from the entire 
number of situations the slipperiness situation where classified for each accident for the time interval 0 to 6 
hours before the accident. Only accidents that could be linked to slipperiness were selected and used in the study.  
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Regarding the RWIS-data it was classified in relation to type of slipperiness situation as well as graded in to 
four different classes depending on how sever the situation based on RWIS-data were.  
 
The southern part of Sweden was used for this study. In total data where used from 20 counties and from two 
different winter seasons. In total 12 114 accident occurred during the two winters studied of which 5468 could 
be linked to slippery road conditions. The accidents were of the type that: person/persons was/were injured, 
badly injured or someone died due to the accident. Accidents that “only” caused damage to the vehicle was not 
included in the study. 
 
3. RESULTS 
Accidents that occurred in association with winter road conditions during the winter 1998 to 1999 are shown in 
Figure 1. The figure contains all type of weather events that could be cause slipperiness on the road, i.e. snow, 
ice or hour frost. As can be seen in the figure the number of accidents that occurs varies a lot during the winter. 
No general trend could be depicted but rather a random pattern. The important finding is that selected days 
could be identified that give rice to a very large number of accidents.  
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Figure 1. Variation in number of accidents occurring during a winter situation. 
 
In table 1 the number of situations is shown in relation to how many accidents that takes place during the winter 
season November 1998 until March 1999. Only situations with a very high number of accidents have been 
selected for further studies of the relationship between weather and road winter accidents. 
 
Table 1. Number of situations when a specific number of accidents occur during the winter 1998/99. 
 

Number of 
 accidents 

Number of 
 situations 
 

More than 40 12 
More than 50 6 
More than 60 3 
More than 70 2 

 
From table 1 and figure 1 it is possible to see that during quite few situations a very large number of accidents 
occur. That means that by performing intense maintenance activity during a selected number of days the total 
number of accidents could be reduced significantly. The problem is of course to be able to identify these 
situations in advance and perform activities in such a way that the severity of the situation is reduced. 
 
For the two studied winters there is a clear picture regarding which type of weather situations that most 
accidents occur. As shown in figure 2 rain in combination with low surface temperature is the type of situation 
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when most accidents occur. Snow with a surface temperature above -3°C is the second worst followed by ice 
and cold snow events.  
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Figure 2. Frequency of accidents for different type of slipperiness types (for situation with more than 40 
accidents). 
 
Another important result from analyse of the weather-accident data was that the number of accident increased 
significantly with increasing severity of the situation. The severity was calculated in relation to: 

- amount of precipitation for snow events 
- thickness of hour frost accumulation in relation to wind speed, humidity, temperature 
- probability that a temperature drop from plus to minus degree Celsius could lead to black ice formation  
-  

Table 2. Frequency distribution of accidents in relation to severity of all types of slipperiness situations. 
 

Severity 
level 

Frequency 
of accidents 

(%) 
1 13 
2 13 
3 22 
4 52 

 
 
In table 2 the number of accidents is shown in relation to the severity class. During the most sever situation the 
largest number of accidents occur. This is a very important result as it indicates that information regarding the 
severity of a specific situation could be very useful from maintenance point of view.   
 
4. CONCLUSIONS 
In this study it has been shown that a classification of slipperiness events using RWIS-data is a very useful tool 
to be able to determine which type of situation that is the most sever from an accidental point of view. From 
analysing the number of winter road accident occurring during a specific day a good indication of the variability 
can be obtained. By adding a classification code to each event a grading between the different types of situations 
could also be obtained. The result clearly shows that most accidents occur during situations classified as rain on 
cold surface and snow with a surface temperature above -3°C.  
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DISTRIBUTION OF WINTER ROAD SLIPPERINESS IN SWEDEN 
 
 

Anna K. Andersson, Torbjörn Gustavsson & Jörgen Bogren 
Department of Earth Sciences, Physical Geography, Road Climate Centre, 
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Abstract 
Data from 654 Road Weather Information System stations were used during five winter seasons, from 1998/1999 
to 2002/2003, to study the distribution of slippery conditions throughout Sweden. The number of incidents 
involving slipperiness during a winter season varies according to the location in Sweden and the manner in which 
the slippery conditions were formed. This study was performed in three different scales; the entire country, 
regional and local scale. Apart from the Winter Index was there also a study of how the different types of 
slipperiness were distributed in the different scales. 
 
Keywords: Winter Index, Sweden, Slipperiness 
 
 
1. INTRODUCTION 
Today, winter indices are a well-established tool for calculating the need for winter maintenance activities in 
relation to the climate (e.g. Gustavsson 1996, Heiberg Mahle & Rogstad 2002). The qualities of the indices have 
progressively increased due to the fact that Road Weather Information Systems (RWIS) have been expanding 
and that much research has been dedicated to this area. 
A combination of parameters is used in order to calculate the occurrence of different kinds of winter road 
slipperiness, i.e., road icing, hoarfrost, precipitation or drifting snow. These can be used to calculate the winter 
index by adding the number of occasions of slipperiness together. 
Calculations based on winter indices can be used in many different types of applications, both in the form of 
planning winter road maintenance and in economic follow-up studies (Sherif & Hassan 2004). The relationship 
between winter indices and maintenance costs has been explored in Scotland (Cornford & Thornes 1996). 
The aim of this study is to reveal if there is a particular pattern in the spreading of slipperiness on the Swedish 
winter roads, both in total slipperiness and in four different types of slipperiness. These studies are performed in 
three different scales, the entire country, the regional scale and the local scale. The distribution of slipperiness 
was compared to the Swedish latitudes. 
 
 
2. DATA AND METHOD 
 
2.1 Study area 
Sweden is used as a study area. The Swedish Road Administration uses both regions and counties in order to 
subdivide the country into smaller administrative units. In total there are 7 regions (Figure 1a). The regions are not 
similar in size but are still useful, as they form areas of similar characteristics. These regions are used as a base 
for the calculations. In order to analyse the influence of local and micro-factors, one region was selected for a 
more detailed study, namely Region Väst in the western part of the country (Figure 1b), and for the third scale the 
southern part of Region Väst was selected, Halland (Figure 1c). 

 
Figure 1 a) The seven districts in Sweden b) Counties in Region Väst c) Stations in Halland 
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2.2 Swedish climate 
The climate of Scandinavia and Sweden is influenced by the 
proximity to the sea and the large continent in the east. This 
results in a varying climate depending on which of the two that 
has the largest influence on the air masses and the weather 
systems. In general, the temperature in Sweden decreases 
with latitude. The coldest mean annual temperature is found 
in the areas of the mountain range in North West. 
Data from five different winter seasons, 1998 – 2003, are 
used in this study. The mean temperature in January for 
1961-1990 can be found in Figure 2, which shows the typical 
pattern of decreasing temperatures with increasing latitude. 
 
2.3 Road weather data and winter index 
The data used in this study come from the field stations in the 
Swedish RWIS. Today, the system consists of more than 710 
stations situated along the major roads in the country. The 
stations measure road surface temperature, air temperature, 
relative humidity, precipitation and wind speed. The dew point 
temperature is calculated from air temperature and relative 
humidity. Measurements are collected every 30 minutes and 

 
Figure 2 Mean air temperature in Jan 61-90

stored in a database at the Swedish Road Administration for the winter months. For this study wintertime is 
defined as the period between October and April. The winter index (WI) investigated in this paper consists of four 
different types of slipperiness and can be written as follows: 
 
WI = HR1 + HR2 + HT + HN 
 
HR1 is moderate hoarfrost, HR2 is severe hoarfrost, HT is road icing (moist/wet surface that freezes) and HN is 
rain or sleet falling on a cold road. The index is increased by one each time the actual situation is registered. One 
situation of slipperiness do not necessary mean that the road are slippery, only that the conditions for slipperiness 
are there. 
 
2.4 Method 
In total, data from 654 RWIS-stations were used for the winter seasons 1998/1999 – 2002/2003. All stations were 
checked for missing data. The number of stations varies between the different districts, as well as between the 
years. 
To compare slipperiness in the different regions and between different winters, the mean value of the number of 
occasions on which slippery conditions developed was calculated for each type of slipperiness and each county in 
Sweden for the five winters 1998/1999 - 2002/2003.  
The first step in the analysis of the distribution of the pattern of slipperiness in Sweden looks at the relation with 
latitude. The latitude used is an estimated mean value for the region. The calculated winter index and the 
individual types of slipperiness are investigated for each region and each winter season and compared to the 
latitudes.  
 
 
3. RESULTS 
 
3.1 Distribution of slipperiness in the country sca le 
The mean value of the total number of incidents of 
slipperiness for the five studied winters is shown in Figure 
3. A clear distribution can be seen, i.e., that the total 
number of situations increases towards the north. There are 
approximately twice as many situations with slipperiness in 
the north in comparison to the southern parts of the country. 
The results presented in Figure 3 show a very clear pattern 
regarding the distribution of slipperiness calculated by use 
of WI. One of the factors that could be the cause of this 
variation is a longer winter season in the north compared to 
the south, i.e., the gradual decrease in temperature with 
latitude. 
One of the factors that could be the cause of the variation in 
the distribution is a longer winter season in the north 
compared to the south, i.e., the gradual decrease in 
temperature with latitude.  

Figure 3) Winter Index in Sweden for 1998-2003 
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Calculating the number of slipperiness 
occasions (WI) as a result of variation in latitude 
shows that latitude can be closely correlated as 
an explanatory factor for the WI distribution. 
Figure 4 shows the relation between latitude and 
WI, both for the separate years and for the 
entire period. 
The distribution of the Winter Index is well 
correlated to the latitude. Nevertheless, it is also 
important to consider the separate slipperiness 
situations which constitute the index, as well as 
the variation between different years. 
 
3.2 Sweden divided into seven regions 
The distribution of the total number of situations 
with slippery conditions (WI) for all winter 
seasons, 1998-2003 (Table 1), follows the same 
pattern as shown in Figure 3. 
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Figure 4) Relation between latitude and WI, the correlation 
is 0.96 for 1998-2003 

In general, there are fewer situations with slippery conditions in the south. Region Sydöst has had a smaller 
amount of situations with slippery conditions than Region Väst during all studied winters; this is probably linked to 
the prevailing wind directions that are from west or southwest. 
 
Table 1 Winter Index and the different types of slipperiness as a mean for all winters, 1998-2003 for each region 

 
Region 
Skåne 

Region 
Sydöst 

Region 
Väst 

Region 
Mälardalen 

Region 
Stockholm 

Region 
Mitt 

Region 
Norr 

Latitude/ 
Slipperiness type 

55,2 56,55 58,2 59,15 59,2 62,1 66,2 

WI 82 90 110 103 110 153 181 
HR1 37 44 50 51 53 68 70 
HR2 11 15 27 23 26 55 85 
HT 21 14 15 12 14 11 9 
HN 13 16 19 17 17 18 16 

 
3.3 Different types of slippery conditions in Swede n 
When it comes to the separate types of slipperiness, the distribution pattern differs according to type. 
 
Moderate hoarfrost (HR1)  
Slipperiness of the type moderate hoarfrost is most common in the northern part of Sweden, i.e., in Region Mitt 
and Region Norr. The amount of moderate hoarfrost is distinctly increasing towards the north, except for Region 
Norr that deviates a little from the northbound trend. The correlation (R2) for moderate hoarfrost as a result of 
latitude varies between the years from a value of 0.52 to 0.95 which means that latitude can explain the 
distribution quite well. 
 
Severe hoarfrost (HR2) 
Severe hoarfrost also occurs most frequently in the northern parts of Sweden. There is a clear increase towards 
the north. This shows that the variation in temperature have a noticeable influence in the northern part of Sweden. 
In Region Skåne and Region Sydöst the amount of situations with severe hoarfrost is very low. For example, in 
the winter of 2000/2001 there are only six situations with slippery conditions in Region Skåne. The distribution 
pattern of severe hoarfrost differs very little between the seasons. 
 
Road icing (HT) 
Road icing, i.e., moist/wet roads that freeze, shows a contrary pattern to that found in the type of slipperiness 
which is dependent on hoarfrost. The larger value is found in the southern parts of Sweden and decrease further 
north. The only exception is in the winter of 2000/2001, where the amount of situations is almost the same in the 
seven regions. There is also a larger difference between the separate seasons for this type of slipperiness. 
 
Rain or sleet on a cold road (HN) 
Slipperiness caused by precipitation on a cold road shows no specific pattern; furthermore, it shows frequent 
variations between the seasons. In this type of slipperiness there is an increase in the three regions in the south 
and then it decreases again. The distribution of the slipperiness of the type “rain/sleet on a cold road” seams not 
to be related to latitude. 
 
3.4 Distribution of slipperiness in the regional sc ale 
The distribution of slipperiness follows the same pattern in Region Väst as the rest of the country. In the southern 
part of Region Väst the Winter Index are lower than in the northern part of the county (Figure 5). 
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When Region Väst is studied year by year, there is a larger difference between the counties. The slipperiness in 
Region Väst is increasing towards northeast. Halland has the lowest incidences of slippery conditions in all of the 
five winters that were studied and Värmland had the highest amount of incidences. 
 
3.5 Different types of slippery conditions in Regio n Väst  
Slipperiness which arises on account of both moderate and 
severe hoarfrost appears to have the same pattern in Region 
Väst as in the entire country, increasing towards the north. HR1 
spread to the northeast, while HR2 has a more northerly 
direction. Slipperiness on account of road icing or due to rain or 
sleet on a cold road has a more diffuse pattern in Region Väst. 
HT has a slight tendency to increase towards the east. HN has 
the most irregular pattern; the precipitation appears to be spread 
evenly over the region. There is a weak indication of an 
increasing degree of slipperiness towards north, when wet roads 
freeze to ice. 
 
3.6 Distribution of slipperiness in the local scale  
In this scale there were four factors that was studied to see if 
there were any explanation for the distribution of slipperiness 

 
Figure 5 Winter Index in Region Väst 98-03 

they were; latitude, longitude, distance from sea and altitude above the sea. The only thing that came from this 
study was that there are too many differences in the locations of the stations, so there are no easy ways to 
explain the distribution of slipperiness in this scale. The factor that probably has the largest influence in this scale 
is the local climate at each station. 
 
 
4. DISCUSSION AND CONCLUSION 
 
We show in this study that because of the variability of the temperature, up to 4°C in January (1901-1 930) 
(Ångström 1974), the amount of slipperiness is larger in the northern part of the country and not in the southern 
country. This is opposite to what was expected; especially for the hoarfrost because of the temperature in the 
northern part of the country is mostly sub-zero during the winter.  
 
Slipperiness is distributed differently in Sweden depending on the type of situation. The mean temperature gives a 
general picture of the total slipperiness (WI), i.e., latitudinal dependency. Slipperiness caused by hoarfrost tends 
to increase towards the north i.e., the latitude control. Road icing thus tends to decrease towards the north. It 
appears that scale does matter, this study has showed that latitude plays a large part in the distribution of 
slipperiness in both the regional scale and on the whole country and the location of the RWIS-station and the local 
climate are the most important on a local scale. A variation in time and space of the slipperiness is also evident. 
The variation in the distribution of different kinds of slippery conditions within Sweden means that the related 
costs vary accordingly. Results from this study give a broad picture of how slipperiness is distributed in different 
scales as a result of varying winter climates. It will be possible to the calculate costs related to the changes 
needed in winter maintenance. These results are thought to be used as a base in a model of how the slipperiness 
is going to be distributed in the future if the climate is going to change due to the greenhouse effect. 
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THE INTERNAL BOUNDARY LAYER OF A PAVED SURFACE 
Esben Almkvist 

Göteborg University, Göteborg, Sweden 
 
 
Abstract 
 
Road weather stations are normally equipped with sensors at 2 m above the ground, but the internal boundary 
layer that builds up over a normal road is about 1 m. The data from the sensors at 2 m are often more 
representative of the conditions of the surroundings than of the road. In this study the temperature profile within 
the internal boundary layer was investigated. Several temperature sensors were placed very close to the surface 
at different fetch distances. A diurnal pattern of interaction between the paved surface and the surrounding 
vegetation was observed. The internal boundary layer of the paved surface builds up during the day. In the 
evening the vegetation cools faster and cold air from the vegetation is blown over the paved surface. This assists 
in cooling the paved surface until it is colder than the air above, which causes a stable air profile at night time. 
This pattern was present in most days, but more easily perceptible during clear days and nights.  
 
Key words: Internal Boundary Layer, road climate, heat flux. 
 
 
1. INTRODUCTION  
 
A good example of an application where knowledge of the Internal Boundary Layer (IBL) is vital is within the topic 
of road climate. Yet this issue has been addressed in less than a handful of publications (Chen et al., 1999, 
Bogren et al., 2001, Almkvist et al., 2005). Small scale processes in the length scale of less than tens of meters 
are important for the road climate. Several investigations in a laboratory environment deal with small scale IBL 
(Antonia and Luxton, 1971, Antonia and Luxton, 1972, Antonia et al., 1977), but quite few have looked at small 
scale processes in the real atmosphere where the wind flow is essentially turbulent. Most studies deal with the 
velocity field, so the study of the thermal internal boundary layer (TIBL) is not well covered in the literature, as 
stated by Avelino and Freire (2002). In this study effort has been put into visualizing the IBL in different time 
scales and length scales.  
A normal road has a width of about 10-20 m. The theoretical height of an IBL that will build up over such a road, 
with incoming wind perpendicular to the road, will be about 1 m. The air above 1 m will be mostly influenced by air 
from the surroundings. Since the temperature and humidity sensors of the RWIS-stations are placed at 2 m, the 
readings will be more representative of the surroundings than of the road. The only sensor that actually 
represents the conditions of the road is the road surface temperature sensor. It is well known in climatology that it 
is problematic to measure the surface temperature of an object. Still road maintainers have to rely on the readings 
from the surface sensor. The sensor height in the air is limited due to snowfall, traffic and road maintenance. If the 
sensor is placed to low it can get covered with snow. One is therefore restricted to heights of about 0.5 - 1 m 
depending on the climate conditions. In this study the conditions were ideal. The instruments were placed on an 
asphalt surface without any traffic. Any falling snow could be cleared from the surface without harming the 
instruments. The sensors were placed at 0 cm, 3 cm , 15 cm and 30 cm above the surface, i. e. very close to the 
surface.  
 
2. SITE AND INSTRUMENTATION 
 
The test site is situated at Säve Airport 10 km north of Göteborg. The measurement area consists of a 26x26 m 
asphalt surface in an open area along a two lane road. The asphalt surface was built up to be representative of a 
normal Swedish road. Hence it was constructed with a top layer of 7 cm asphalt followed by 70 cm of crushed 
rock. Thermocouples of copper and constantan were used for the measurements at heights below 30 cm while 
the measurements above this level were made with Pt-100 sensors at a center tower seen in figure 1 and another 
tower extending to 10 m. Details about sensor height of the 10 m mast are listed in table 1. The surface 
temperature sensors were placed in a small rift and covered with a thin coating of cold asphalt and sand. Figure 1 
shows how the temperature profiles were placed on the asphalt area. Flexible plastic sticks were used to mount 
the sensors. This made them moveable by the wind and thereby more inclined to obtain the air's temperature. 
Table I shows the setup of the temperature sensors. Where no instruments were measuring the values were 
interpolated from temperatures at similar heights or nearest neighbor. For the smallest sensors with a thickness of 
only 0.08 mm the radiative effect were assumed to be negligible, so no radiation shields were used. Only ten 0.08 
mm sensors were available, so twisted 0.5 mm wire was used to get a full matrix of measurements over the 
asphalt plate. These would have slightly different properties compared to the smallest sensor, so the output was 
normalized to match the recordings of the sensors at 0 m - 30 cm and 12 m - 30 cm. The Pt-100 sensors were 
recalculated to match the thermocouple temperature. The coefficients for recalculation were taken from the 
heights where the two types of sensors overlapped. 
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Figure 1. The thermocouple profile setup. The sensors are portable, so they can be moved as the wind direction changes to 
get the appropriate fetch. The thermocouple profiles are circled with a solid line. The center tower is circled with a dashed 
line.  
 
Table 1. Matrix of the sensor types used for the temperature profile measurements. The numbers in the table are mm 
thickness of the thermocouple sensors. Tw 0.5 denotes a twisted 0.5 mm thermocouple while Tws 0.5 denotes a twisted and 
shielded 0.5 mm thermocouple. Pt-100 sensors at 0 m were on the center tower seen in figure 1, while the Pt-100 sensors at 
the 10 m mast are at the distance 12 m from the center. The x means that no sensor was measuring in that spot. The 
measurement at 16 m is outside the asphalt area 2 m into the vegetation. 

   Distance from center   
Heights 0 m 4 m 8 m 12 m 16 m 
10 m x x x Pt-100 x 
5 m x x x Pt-100 x 
2 m Pt-100 x x Pt-100 x 
1 m x x x Pt-100 x 
30 cm  0.08, Pt-100  Tws 0.5  Tws 0.5  0.08, Pt-100 x 
15 cm  0.08, Pt-100  0.08  0.08  0.08  0.25 
3 cm 0.08  0.08  0.08  0.08  x 
0 cm  Tw 0.5 x  Tw 0.5 0.25 Tw 0.5 

 
The measurements were made from 6 March to 13 April 2004.  
 
3. RESULTS 
 
Figure 2 (a) and (b) show an unstable and a stable situation. The boundary layer seems to extend to about 20-30 
cm for the unstable situation and about 2-3 cm for the stable situation. 
 

  
(a). An unstable situation. The IBL seems to build up to 

about 20-30 cm at the center.  
(b). A stable situation. The IBL is very shallow. Only a few 

cm.  
Figure 2. The temperature from the sensor setup in table 1 for the lowest 30 cm. The temperature is indicated by the gray 
scale in the color bar. The arrow indicates wind speed and left in the figure is north.  
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Figure 3. Display of the transition from an unstable IBL to a stable IBL using 1 hour averages. The breakup of the unstable 
IBL starts at 17.00 (a) and the stable IBL is in its final form at 00.00 (h). 
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A diurnal pattern could be seen where the IBL would build up during daytime to an unstable profile and break up 
in the evening to a stable profile that would last throughout the night. Exceptions occurred during rainfall, weather 
changes or if the heat storage in the ground would keep the road surface warmer than the air all night. In figure 3 
the transition from daytime to nighttime conditions is seen. The cooling starts in the vegetation and moves 
towards the center of the surface. In figure 4 (a) one can see how a wedge of cold air from the vegetation is blown 
over the road. This will enhance the cooling rate of the road surface. It is interesting that the cold air wedge is only 
present below 1 m and therefore not detectable by the road station sensors at 2 m. In figure 4 (b) profile of the 
temperature is extended to 10 m and it is possible to see kinks in the profile curve. According to Garratt, (1990) 
such a kink indicates the top of the IBL. One such kink is seen at 1 m and another at 12 cm. This can be 
interpreted as an IBL height of 1 m and an EBL height of 12 cm. The EBL is the Equilibrium Boundary Layer 
where the fluxes are fully adjusted (in reality 90% adjusted) to the new surface.  
 

  
(a). The transition from an unstable situation to a stable 
situation. A wedge of cold air enters over the road. The 

temperature differs by about 0.5 °C between surface and the 
cold air wedge. 

(b). An unstable situation. In the right graph the potential 
temperature is plotted against the logarithmical height in m. 
The dashed curve is at the edge of the asphalt surface and 
the solid curve is at the center. 

Figure 4. The temperature as in figure 2 and 3, but extended to 2 m (a) and 10 (m). 
 
4. CONCLUSIONS 
 
The behavior of the IBL of the road surface was basically the same every day. At sunrise the surface heats and 
an unstable IBL builds up. This remains quite steady all the day and in the evening as the surface cools it will be 
replaced by a stable IBL. The cooling of the road surface in early evening is helped by a wedge of cool air from 
the surroundings. Quite often this cold air wedge is narrower than 1 m which makes it hard to trace with normal 
road weather stations. The actual cooling caused by a 1°C difference between surface and air above is about 10 
Wm-2, compared to the radiative cooling at nighttime of about 100 Wm-2. A situation in Almkvist et al (2005) with a 
temperature 8°C colder in the vegetation should hav e a larger impact on the surface temperature.  
In order to measure the conditions of the road one should measure within the EBL, which means that the 
instruments should be placed at about 10 cm during daytime and even lower at nighttime when the air is stable. 
This is almost impossible to accomplish at the stations in the harsh road environment, so: How much is lost by 
using the measurements at 2 m in the vegetation beside the road? Almkvist et al (2005) has shown that the air 
temperature of the road is well mixed from 2 m down to 10 cm and the difference in air temperature is often small 
compared to the difference between air and surface temperature. This suggests that it is rather safe to use the 
reading at 2 m. Most effort should be put into measuring the surface temperature correctly.  
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COMPARISON BETWEEN MEASUREMENTS AND OBSERVATIONS OF 
WINTER ROAD SLIPPERINESS  

Hanna Gaunt 
Göteborg University, Göteborg, Sweden 

 
Abstract    
Many countries use a Road Weather Information System (RWIS) to monitor road slipperiness and to alert 
maintenance personnel to take proper action. It is therefore important that the RWIS-stations describe the 
road surface conditions correctly. This study evaluates how well the stations correspond to the actual road 
conditions by comparing observations of the road surface and maintenance with RWIS-measurements. The 
study contains a unique set of observation data which is spread in time and room and climate environment. 
Salt is used as a maintenance activity at five of the stations but it is not used at the remaining three stations. 
The study show that the stations at roads that are not salted have a better correlation between RWIS-
measurements and observations than the stations which are placed in locations were salt is used even though 
the altering effect of salt has been accounted for. The study shows that the RWIS-stations fail to detect some 
of the hoar frost events.  
 
Key words: road climatology, road slipperiness, road weather information system - RWIS 
 
 
1. INTRODUCTION 
 
Road slipperiness cause traffic accidents and delays and is a serious problem in Sweden, as in many other 
countries. Many affected countries use a Road Weather Information System (RWIS) to monitor winter road 
conditions. RWIS-stations measure a number of climatic parameters in order to alert road maintenance 
personnel to take action against slippery roads. The use of RWIS-systems has increased for the last decades 
in Europe, USA and Canada. The preventive maintenance activities have become more efficient as a result of 
this increase (Gustavsson, 1996). There are to date approximately 7900 RWIS-stations in the world 
(www.sirwec.org). In Sweden, around 700 RWIS-stations are placed in different locations throughout the 
country where slippery conditions occur early. In Sweden, RWIS-data is not only used to alert maintenance 
personnel of adverse weather but also to decide how much a maintenance contractor will be paid depending 
on weather by use of a winter index.  
There are many socioeconomic costs related to slippery road conditions. Firstly accidents can lead to injuries 
or deaths. Secondly accidents can lead to damage on vehicles and roadway structures and thirdly, accidents 
can cause delay in the traffic. There is also a socioeconomic and environmental cost related to the 
maintenance activity. To minimise the socioeconomic costs related to slippery roads it is important that the 
RWIS-tools alert the maintenance personnel as correctly as possible.  
Few studies have been performed comparing data from RWIS-stations with the actual state of the road. 
Karlsson (2001) compared hoar frost accumulation on the road surface at a station location with data collected 
by the RWIS-station. Her study showed that the RWIS station failed to indicate hoar frost events during eight 
nights out of fifteen studied nights. Knollhoff et al. (2003) compared frost observations made by maintenance 
personnel with RWIS-data. Their study showed that the RWIS-stations failed to indicate some hoar frost 
events. There is a lack of studies comparing RWIS-data with observation of the state of the road showing hoar 
frost events as well as events of snowfall and ice formation. An explanation could be that these types of 
studies are time- and personnel consuming.  
This study compares RWIS-data with observations of the state of the road. The study includes hoar frost, 
snowfall and ice formation events. In addition, this study also deals with the impact of maintenance activities. 
This study aims to evaluate how well the stations represent the actual road conditions by comparing 
observations of the road surface with RWIS-measurements and calculations.  
 

 
 
Figure 1. Flowchart showing the compared interactions of this study. 
 
A flowchart of the compared interactions is presented in figure 1. The state of the road is dependent on 
weather and maintenance activity. The weather is monitored by the RWIS-stations. The maintenance 
personnel are alerted when RWIS-stations show adverse weather conditions and a maintenance activity is 

RWIS-data 

State of 
the road 

Maintenance activity 

Observation 
of the road 
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decided on depending on the state of the road. The results from this study will be implemented in a winter 
maintenance management model (WMMS or the winter model) developed in collaboration with the Swedish 
National Road and Transport Institute (VTI). The winter model aims to evaluate the socioeconomic costs 
related to different maintenance actions and strategies (Gaunt 2003, Wallman et al 2005 and Bogren et al 
2006). 
 
1.1. Description of the study area 

 
2. METHODS AND DATA 
 
Three sources of data were used in this study 1) data of manual observations of the road condition, 2) 
maintenance data and 3) RWIS-data. This data was then analysed with a simple descriptive statistical method 
in order to identify patterns and measure the diversity between the studied stations.  

• Road surface observations - The collection of road surface observation data has been organised 
by the Swedish National Road and Transport Research Institute. Observations have been carried out 
throughout whole winter seasons during workdays. The observations were made two times a day, in 
the morning at 7 am and in the evening at 5 pm. During periods when the road surface condition 
have been changing, that is during snowfall, formation of ice or hoar frost, observations of the road 
have been carried out once every hour. The observations are classified into nine different road 
surface condition classes. The personnel making the observations work at the Swedish Road 
Administration (SRA). In order to make the different observations at the different sites comparable, 
the observation personnel have attended a two day long course of how and when to do observations.  

• Maintenance data - Data of maintenance, such as times of salting, gritting and ploughing is an 
important part of this study because of the altering effect of a maintenance activity on the state of the 
road. The maintenance personnel have filled in a special form where they have noted the exact time 
they passed the RWIS station and observation site and what kind of maintenance activity they did 
while passing.  

• RWIS-data - The RWIS-stations measure several different parameters twice every hour. The 
parameters measured by the RWIS-stations are air temperature (Tair), relative humidity (RH), road 
surface temperature (Troad), wind speed (U) and wind direction and the amount and type of 
precipitation (P) using an optical rain gauge. The dew point temperature (Tdew) is automatically 
calculated by use of Tair and RH. A classification based on physical processes was used to integrate 

Eight field stations in Sweden are included in the 
study. The distribution of the sites is shown in figure 2. 
The figure shows that the field stations are spread in 
the middle and southern parts of Sweden. The regional 
climate varies between these sites. The stations are 
also situated in different local climatic conditions.  
The sites have been selected to give a spread in 
different local and regional climatic parts of Sweden. 
This selection was done to be able to get a more 
generalized result between observed and measured 
road surface. The selection has also been made out of 
practicality. Manual observations of the road conditions 
are carried out at selected RWIS-stations by specially 
trained personnel. It must be easy for the observer to 
reach the study site and to perform the observation at 
the site. A study site consists of a 100 m stretch of the 
road and in the middle of the stretch there is a RWIS-
station. In Sweden, salting is not performed in the 
northern most parts due to the cold climate, which 
makes salt inefficient there; hence the maintenance 
activities at station 1-3 only include ploughing and 
gritting. At station 4-8 salting as well as ploughing and 
gritting is performed. This enables a comparison 
between salted and non salted roads. 
 
Figure 2. Map over Sweden and the location of the 
studied RWIS-stations. A triangle marks stations which 
stand alongside roads that are not salted. A circle 
marks a station where salt is used. The grid is 
expressed in kilometres. 
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the RWIS-variables measured at the RWIS stations in order to compare the observations with the 
RWIS data. A situation was classified either as not slippery or as one out of three different types of 
road slipperiness. The different types of road slipperiness are based on research made by Lindqvist 
(1979). This research was later continued by Norrman (2000). Note that the conditions are set to 
include as many slipperiness formations as possible.  
Two conditions must exist for formation of ice: The road surface temperature (Troad) drops from above 
freezing point to below freezing point. Rain or sleet has been falling at least once during the past six 
hours before the temperature drop. Or the relative humidity (RH) is above 95%.  
Conditions for formation of hoar frost are: The road surface temperature (Troad) is lower than 0°C. The 
dew point temperature (Tdew) is above the road surface temperature (Troad).  
Snow is defined as: There must be snow or sleet falling on the road surface according to precipitation 
type decided by the optic eye. The road surface temperature (Troad) is lower or equal to 0°C.  

 
2.1. Comparison between observations and RWIS-data 
The results of the comparison were divided into four different categories: 
 
Situations when RWIS and the observations match 

1. Neither RWIS nor the observations show slippery road surfaces. 
2. Both RWIS and the observations show slippery road surfaces. 

Situations when RWIS and the observations do not match 
3.   Observations show slippery road surfaces but RWIS do not 
4.   RWIS show slippery roads but not the observations 

a) Situations which can be explained by road maintenance activities. 
b) Situations which can not be explained by road maintenance activities. 

 
Many of the situations in category four can be explained by road maintenance activities. In this study, the 
assumption has been made that the effect of salt stays on a road surface for 24 hours. In Sweden, the 
assumption that salt has an effect on a road surface for 3-5 hours is usually made. When the RWIS-stations 
show adverse weather, salt is put on the road at as small time intervals as possible, to prevent slippery road 
conditions. The salt solution which is put on the road is also as low as possible to prevent environmental 
effects as much as possible.  
The assumption that the salt has an effect on the road surface for 24 hours is a fairly long time but the 
estimate was made after studying the raw data which showed that the effect of salt seemed to stay for a long 
time, sometimes up to 72 hours, depending on the weather and traffic at the time and how much salt that was 
put on the road. Blomqvist and Gustafsson (2004) showed in a case study, preformed in the southern parts of 
Sweden, that residual salt was still present on a road surface for up to 7 days after the last salting activity.  
 
3. RESULTS AND DISCUSSION 
 
The results of this comparison are shown in table 1. The table shows that stations 1-3, i.e. the northernmost 
stations (where salt is not used as a maintenance activity) have the best correlation between observations and 
RWIS-data. Between 3-7% of the observations are occasions when the RWIS and the observations do not 
match. On the other hand, these stations show slippery road conditions (category 2) nearly all the time, 
between 71-89% of the time. Stations 4 to 8 show a more diverse pattern. These stations have slippery roads 
about half of the time. The southernmost stations have a shorter time with slippery roads than the 
northernmost stations. Note that category 2 is very low at stations 4-8 compared with the other stations.  
Many of the situations when the RWIS and the observations do not mach can be explained by a maintenance 
activity (category 4a) at stations 4-8. Still, between 8 and 22% of the situations fall into category 4b. 
 
Table 1. Comparison between RWIS-data and road condition observations expressed in percent (%) of the 
total amount of observations. Note that salt is not used at stations 1-3. Vertical line indicate the division 
between salted sites and non salted sites.  
 Station 1 Station 2 Station 3 Station 4 Station 5 Station 6 Station 7 Station 8 
Situations when RWIS and observations match 

1 17 5 26 39 41 60 60 65 
2 76 89 71 39 20 7 11 5 

Situations when RWIS and observations do not match 
3 0 0 0 2 2 4 4 0 

4a 0 0 0 9 15 21 8 21 
4b 7 5 3 12 22 8 17 9 

 
The worst case scenario (category 3) when the stations do not show slippery road conditions even though 
there have been observations showing that the roads are slippery occur at stations 4-7. These situations are 
particularly dangerous because the maintenance personnel are not warned by the RWIS-system even though 
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the road is slippery. No maintenance activity is performed on the road which leads to an increased risk for 
accidents due to slippery roads. All these cases, at station 4-7, are situations when there have been hoar frost 
on the road which the RWIS-station has failed to detect. 2-4% of the time might not seem so much but this 
means that during the winter season at station 6 and 7 this case is represented by 144 half hours (RWIS 
measure every half hour) or 3 whole days. 
Previous studies (Karlsson, 2001 and Knollhoff et al. 2003) have also shown that RWIS-stations do not detect 
some hoar frost events. RWIS fail to indicate some hoar frost events even though the measuring accuracy of 
the instruments has been accounted for. There can be several reasons why some hoar frost events are not 
detected: 

• The design of RWIS-stations - Tdew is derived from Tair and RH which are both situated at 2 meters 
height above the road surface. According to Almkvist et al (2004) the most important micro 
climatological processes for frost formation and formation of ice on the road, occur below 10 cm level 
from the road.One solution to this problem could be to make a mathematical approximation for the 
instruments at 2 meters level or more down to the internal boundary level of the road.  

• Inaccurate equation for deriving Tdew  - There are more than a dozen simple or more complicated 
empirical equations for calculating the dewpoint temperature. Lin and Hubbard (2004) showed in a 
study, using the WMO equations for deriving Tdew that the uncertainty of derived dewpoint 
temperature could be between 8.1 and 0.7ºC if the measuring accuracy of the instruments was ±0.3 
ºC (Tair) and ±5% (RH). The uncertainty of Tdew increased with decreasing RH.  With decreasing Tair, 
the uncertainty of derived Tdew decreased. In the context of road climatology an uncertainty of this 
magnitude is very high. In the Swedish road weather system a simplifications of the WMO equation 
for deriving Tdew is used.  

• Problems with the measuring equipment – One example could be that the sensor which measures 
Troad is sometimes put to far down into the asphalt. In those cases, snow, slush and ice can form an 
isolating layer over the sensor and the temperature signal from Troad over the day will be moderated. 
The biggest problem with the measuring equipment is however that the RH- sensor sometimes 
seems to be unable to measure high humidity. 

There can also be some combination between the three above reasons making hoar frost detection hard. 
More effort in determining why RWIS do not detect some of the hoar frost events has to be made.  
The stations at salted sites have a lower correlation between measurements and observations than the 
unsalted sites. Salt lowers the freezing point making it hard to predict formation of ice on a road surface which 
has been salted previously. Blomqvist and Gustavsson (2004) showed in a case study performed in the 
southern parts of Sweden that residual salt can stay for up to 7 days after the last salting activity. How long the 
residual salt stays on the road surface depends on several different factors and more research about this 
subject is needed to be able to predict the freezing point of a road. The freezing point must be known to be 
able to predict any slipperiness type. Future studies on how salt alters the freezing point and which factors that 
affect the freezing point after salting is crucial for correct road slipperiness predictions.  
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Abstract 
 
The relationship between urban air temperature and humidity to energy consumption in business districts of 
Tokyo were analyzed based on actual annual electric power consumption and annual meteorological data for 
2002. The sensitivity of energy consumption per building floor area to air temperature was about 1.7 W/m2 per 1 
degree Celsius in summer. In winter this value is about 0.8 W/m2 per 1 degree Celsius. Rise in urban air 
temperature, such as from the phenomenon of urban heat islands, will bring about an increase in energy 
consumption in business districts. The sensitivity to air humidity was also analyzed. We also showed that the use 
of air conditioning due to the demand for cooling and dehumidification controls the sensitivity of energy. 
 
Key words: Urban heat island, Energy consumption, Air humidity 
 
 
1. INTRODUCTION  
 
In Japan, urban air temperature has been rising since the 
1900s. In Tokyo, the rise in air temperature was 3 degrees 
Celsius over the last century (see Fig.1). This is called the 
“urban heat island” phenomenon (UHI). Because it has 
been supposed that the rise in air temperature due to 
global warming in Tokyo was only 0.3 degrees Celsius, 
the rise due to UHI can be seen to be very large. UHI is 
caused by superfluous urbanization such as the increase 
in anthropogenic heat and change in land coverage. 
Superfluous urbanization brought about not only urban air 
temperature change but also urban air humidity change. 
The urban air humidity also has been descending since 
the 1900s. The fall in urban air humidity in Tokyo was to 
25%RH over the last century (see Fig.2). 
UHI is an environmental problem which brings about 
damages to human health, such as hyperthermia, and 
social infrastructure, such as from torrential rainfall. In 
addition, UHI also brings about an increase in energy 
consumption. Global warming has recently become a 
serious issue. In order to reduce CO2 emissions from the 
commercial sector in the future we have to first estimate 
future energy consumption from commercial buildings. 
In this study, the relationship between temperature, and 
humidity, and energy consumption in business districts 
was analyzed, and estimated the change in energy 
consumption due to changes in urban air temperature and 
humidity. 
 
2. SENSITIVITY OF ENERGY CONSUMPTION TO TEMPERATURE AND HUMIDITY BASED ON OBSERVED 
DATA  
 
We measured the electric power consumption of three typical business districts, A, B, and C, in Tokyo during the 
period from January to December in 2002. Each of these districts (A, B, C) is located near central Tokyo and has 
an area of about 0.2 km2. We analyzed the sensitivities to temperature and humidity based on measured annual 
power consumption and annual meteorological data at Otemachi, an area in central Tokyo. 
We defined the sensitivity of energy consumption to temperature with the following formulas. 

                                                 
* Corresponding author address: Tomohiko Ihara, Research Center for Life Cycle Assessment, National Institute 
for Advanced Industrial Science and Technology (AIST), Onogawa 16-1, Tsukuba, Ibaraki, 305-8569 Japan; 
e-mail : ihara-t@aist.go.jp 

11

12

13

14

15

16

17

18

1900 1920 1940 1960 1980 2000
Year

A
nn

ua
l m

ea
n 

ai
r 

te
m

pe
ra

tu
re

 [
de

g 
C

]
Tokyo
Average of 17 cities in Japan

Fig. 1  Urban air temperature change over the last century 
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E is energy consumption. Eo is called the base load 
of energy demand, which indicates the energy 
consumption for appliances and lighting. Eo is not 
dependent on temperature change. To is the air 
temperature turning point of energy consumption 
and (∆E/∆T) is sensitivity of energy consumption to 
temperature. Subscript letters w and s mean winter 
and summer respectively. In business districts, if it 
exceeds a particular temperature, the energy 
consumption for cooling will grow in summer. Tos is 
“a particular temperature” and (∆E/∆T)s is the 
amount of increase in energy consumption for 
cooling when the air temperature rises by 1 degree 
Celsius. In winter, if the temperature is low, the 
energy consumption for heating will increase. The 
energy consumption for hot-water supply is 
negligible in business districts. 
Using the least-square method, we obtained the 
parameters for the three districts. They are shown 
in Fig.3 and Table 1 for weekdays at 1400LST. 
Fig.3 shows that energy consumption at 1400LST 
in business district (A) increased 1.64 W/m2 per 1 
degree increase in air temperature if the air 
temperature exceeds 15.0 degrees Celsius. In 
winter, the sensitivity to temperature was 0.72 W/m2 
per 1 degree fall in air temperature. Sensitivity to 
temperature in winter was smaller than in summer. 
In conclusion, rises in urban air temperature, such 
as from UHI, brings about increases in energy 
consumption in business districts. The reason why 
energy consumption in business district (B) is 
smaller than other business districts is presumed to 
be because electric power is supplied by power 
suppliers other than TEPCO analyzed in this study. 
It is considered that energy consumption depends 
not only on air temperature but also on air humidity. 
We also analyzed the relation between air humidity 
and energy consumption in the three business 
districts using the same method as above. The 
results are shown in Fig.4 and Table 2. 
 
3. ANALYSIS USING NUMERICAL SIMULATION 
 
It is considered that the sensitivity to temperature 
and humidity reflected the relation between energy 
use of buildings and urban climate change. Using 
the 1-D urban canopy simulation model connected 
with building energy simulation model (CM-BEM), 
we analyzed the causal correlation between urban 
climate and office building energy consumption.  
 
4. CONCLUSION 
 
We evaluated the sensitivity of energy consumption to air temperature and air humidity in business districts of 
Tokyo. The results of the analysis using numerical simulation showed that the use of air conditioning due to the 
demand for cooling and dehumidification controls the sensitivity to temperature and humidity. If the present UHI 
phenomenon continues, it can be expected that the energy consumption in business district will increase. 
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three business dstricts of Tokyo at 1400LST weekdays in 2002 

Table 1  Sensitivity of energy consumption to temperature 
A B C

E o [W/m2] 36.45 24.24 34.82
(∆E /∆T )w [(W/m2)/deg C] −0.72 −0.53 −0.88
(∆E /∆T )s [(W/m2)/deg C] 1.64 1.24 1.79
T ow [deg C] 15.0 15.5 16.2
T os [deg C] 21.2 21.2 21.8  
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Fig. 4  Relation between air humidity and energy consumption in 
business districts at 1400LST weekdays in 2002 

Table 2  Sensitivity of energy consumption to humidity 
A B C

E o [W/m2] 38.65 26.00 37.52
(∆E /∆Q )w [(W/m2)/(g/kg)] −1.36 −1.08 −2.40
(∆E /∆Q )s [(W/m2)/(g/kg)] 2.25 1.68 2.31
Q ow [g/kg] 2.41 2.41 2.93
Q os [g/kg] 9.92 9.92 10.26  
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Figure 1.  Study area in Metropolitan Phoenix, Arizona, 
USA.  Stations are widely spaced, at varying elevations 
are situated in variety of land cover types.    

THE IMPACT OF THE URBAN HEAT ISLAND ON FROSTS AND FREEZES  
IN PHOENIX, ARIZONA, USA 

Donna A. Hartz*, Anthony J. Brazel* 
*Arizona State University; Tempe, AZ, USA 

 
 
 

Abstract 
 
Phoenix, Arizona, has one of the highest growth rates in the United States, rapidly converting desert and 
agricultural land to urban uses.   Accompanying this rapid urbanization is a growing urban heat island, raising 
minimum temperatures in the city center by over 6°C .  Though temperatures vary considerably throughout the 
metropolitan area, a by product of UHI is a decrease in the number and duration of freeze and frost events.  Two 
studies document the change in freezes (≤0°C) as linked to land use change, and the spatial and temporal 
variability and change in frost events (≤4°C), the point at which vegetation is impacted by cold stress.  These 
studies show that areas that experience agricultural conversion have a larger reduction in frost events and 
duration.     
 
Key words: urban heat island, freezes, climate change 
 
 
1. INTRODUCTION  
 
Phoenix, Arizona, lies within the Sonoran Desert in the southwestern United States.  Situated in a basin between 
mountains it has a hot, dry climate, with air temperatures frequently rising to more than 40°C during summer 
months.  Between 1980 and 2000 the population of the metropolitan area more than doubled from over 1.5 million 
to over 3 million, experiencing annual growth rates between 3.09 and 4.36 percent (MAG, 2003).  In 2005, 
Phoenix became the fifth largest city in the United States, with the county encompassing the metropolitan area 
had a population over 3.6 million (US Census, 2006) – and, Phoenix’s growth is expected to continue at these 
rates.  This increased urbanization has created a significant urban heat island (UHI), and, while daytime 
temperatures have not risen significantly, nighttime minimum temperatures have steadily increased, rising over 
6°C in the city center (Baker et al 2002). Numerous studies have found considerable temperature variability within 
neighborhoods (3°C or more in a few hundred meters)  and across the metropolitan area.  The impact of UHI 
during Phoenix’s hot summer months is well studied and documented.  However, this increase in minimum 
temperatures also has an impact during winter months, manifested as a reduction in frequency and intensity of 
frosts and freezes.   
 
Weiss and Overpeck (2005) found a general 
warming trend and a reduction of freezes across 
the Sonoran Desert, with implications to possible 
future widespread vegetation change.  During the 
past half century, the metropolitan area has 
experienced a shift in choice of plant materials and 
landscape design in new housing areas and now 
includes many more frost sensitive plants, both 
tropical and desert, xeric style landscape materials 
(Harper, 2005).  Many of the newer plant choices 
are now generally considered “safe” to plant by 
newer residents, unaware of the past devastation 
of deep hard freezes experienced by the area in 
years past.  The question then becomes, are the 
patterns of frosts and freezes changing 
significantly?  This paper reports on the findings of 
two studies.  The first study used daily minimum 
temperatures from 1988 to 2004 to examine the 
change in freeze patterns with increasing 
urbanization.  Stations which experienced 
considerable urbanization nearby showed a drop in 
the number of freezes.  However, one city center 
station, with little land cover change during that 
period, registered more freezes than other urban 
stations – nearly identical in number as a rural 
station.  Consequently, a second study (which we 
include as preliminary findings) using hourly 
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temperature data is underway to better document the current temporal and spatial variability of freezes within the 
metropolitan area.  
 
2.  DATA AND METHODS  
 
The first study used daily minimum air temperatures from 1988 through the winter of 2003-2004.  Weather 
stations were selected for their location and continuity of data collection.  Stations were chosen to include some 
with stable surrounding land use (rural and urban), as well as several stations which were on the rural fringe in 
1988 but, during the study period, became surrounded by new housing.  Recently, a new data set with geocoded 
annual housing starts for metropolitan Phoenix has allowed for accurate annual documentation of land cover 
change around the stations.  This data set, from 1990 to 2005, was used to correlate the change in the number of 
days at or below 0°C (Table 1).  These station data  were limited to daily minimum temperatures with a threshold 
of 0°C.  Data were then reduced to correlate with a  housing start data set available for those years.   
 
The second study uses hourly air temperature data from the winter seasons 1995-96 through 2004-05 for thirteen 
stations scattered across the metropolitan area, plus the official National Weather Service (NWS) station located 
city center, adjacent to Phoenix’s Sky Harbor International Airport.  Unfortunately, at no point during these 10 
winters, did Phoenix’s NSW measure at or below 0°C.   Additionally, much plant material used within the 
metropolitan area experiences cold stress at 4°C (Ba ker et al 2002, Martin 2006).  A rise in minimum ambient 
temperature which impacts the number and severity of freezes can have significant impact on plant materials that 
can be planted in the urban landscapes and survive.  Stations were chosen for location (spatially distributed for 
each area of the valley – north, east, west, and south) and the availability of continuous hourly data for the time 
period in question. 
 
Data were sorted into the number of “events” per winter season.  An event is defined as the number of hours at or 
below the 4°C, with an event break constituted as 3  or more consecutive hours not meeting the threshold criteria.  
These were then compiled into data sets for each station consisting of the average number of freeze events per 
year; the average number of freeze hours per year; average duration (number of hours at or below 4°C);  and the 
change in number of events over the 10 year period. Additionally, each year’s minimum temperature was 
recorded, providing an average minimum air temperature for the study period. It should be mentioned, so as to 
reduce confusion, that Carefree, and Carefree Ranch, though located in the same suburban town, are different 
stations – one of which (Carefree) experienced considerable urbanization from 1995 to 2005.  Carefree Ranch is 
more rural and is at a higher elevation by almost 200 meters. 
 
3. RESULTS  
 
3.1 Trends in Daily Minimum Temperatures 
 
Examination of the daily minimum 
temperatures for several stations within, 
and surrounding, the metropolitan area 
for the years 1988 to 1995 show that 
several stations that experienced land 
cover change also registered a drop in 
the number of days at or below 0°C (Fig. 
2). Encanto, an urban park station, was 
used originally as a control site, as its 
surrounding neighborhood remained 
relatively stable during those years (with 
only 5 housing starts).  However, its 
pattern of freezes was unexpected, with 
more days of freezing temperatures than 
other city locations.  Figure 2 also shows 
three stations (Greenway, Laveen, and 
Carefree) which were situated in rural 
settings at the start of the study period 
but underwent urbanization.  All 
experienced a measurable drop in the 
number of days at or below 0°C.  Growth 
patterns suggested a strong link to 
urbanization. Comparison to the housing 
start data confirms this (Table 1).     
These data were examined for the entire 
period and in five years blocks.  Overall, 
a rise in housing starts is similar to the 
drop in freeze events.  However, the data 
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Figure 2:  Stations which experienced urbanization also 
experienced a drop in the number of freezes. During the late 
1980’s the rural fringe became increasingly urbanized.  Encanto, 
in the center of the city, did not experience the downward trend 
in the number of freezes, as did the stations at Greenway, 
Laveen, and Carefree.  
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also suggest there are other factors impacting freezes.  It does appear that land cover change from desert to 
suburban seems to make less of a difference than the conversion of agricultural land.   
 
3.2 Spatial and Temporal Variability of Frosts 
 
There is an old saying that the three most important considerations in buying real estate are “location, location, 
and location” and clearly that saying applies to the variability of frosts and freezes.  Ten years of hourly data 
(1995 – 2005) from 13 widely spaced stations, plus the official NWS in the city center, show that the metropolitan 
area experiences substantial temperature variability (Fig 2).  The number of events (when temperatures dropped 
to 4°C or less) in any given season can vary consid erably – 
such as 2001-02 with 11 at Sky Harbor and 82 at Maricopa.   
During the ten year period, the average number of events per 
season ranged from 10.9 at Usery – a rural station – to as 
high as 67.2 at Maricopa – another rural station.  The 
average duration of events seems to be relatively similar – 
though Carefree Ranch, the station at the highest elevation, 
averages events of much longer duration, 8.3 hours as 
compared to an overall average of 5.3 hours.  However, its 
average total hours per season is only slightly higher than the 
overall average.  Usery and Carefree Ranch, both at higher 
elevations than the other stations, are likely being impacted 
by their elevation. Usery, well outside the city in a desert 
mountain park, and at the second highest elevation (645 m) 
had substantially fewer events than expected. Carefree 
Ranch experiences fewer freezes but of much longer duration 
– leading us to conclude that when it does have a frost event, 
it is generally more severe.   
 
The Encanto site, well within the city 
center, experiences many more frost 
events than would be generally 
expected with its city park setting, but 
surrounded by residential and 
industrial land use, which is the likely 
explanation of why its events are 
relatively short in duration (3.6 hour 
average). Spatially, the average 
number of events correspond with the 
average total hours with two 
exceptions – Encanto in the city center, 
and Waddel on the outer fringe of the 
metropolitan area.  Sky Harbor, the 
location of the NWS and located well 
within the urban area, has the next 
lowest average number of events at 
11.9.  Mapping the data, and change 
in the number of events (Fig 4) we see 
a spatial pattern where most city 
center, and some rural stations not as 
yet encroached upon by urbanization, 
are stable.  Other stations, on the 
urban fringe have experienced an 
overall trend to increase number of 
events.  
 
Conclusions: 
 
Spatially and temporally, there is considerable variability and change in the number, duration and intensity of 
freezes in the metropolitan area.  The increase in urbanization reduces freezes within the metropolitan area, with 
conversion of agricultural land making a larger impact on the number and duration of freeze events.  However, it 
appears that urbanization is only one factor in the freeze variability measured and further study is needed to 
document causes more thoroughly, and to better understand the role that elevation and slope may play in the 
dynamics of freeze events.  
 
 
 

Table 2.  Variability of events at or below 4°C.  (*urban site  **rural site  
*** experienced urbanization/ landcover change ) 
 

Site  
Elevation  
(meters) 

Mean 
number 

of  
events 

Mean 
low 

Temp 
(°C) 

Mean 
duration 
(hours) 

Mean 
Total 

hours/ 
season 

ACDC* 372 34.4 -2.18 5.4 194.6 
Carefree 
Ranch** 902 22.9 -1.89 8.3 189.1 

Cross Roads** 387 47.1 -1.22 6.0 282.8 
Durango* 320 33.4 -1.1 4.9 178.2 
Encanto* 335 38.5 -1.71 3.6 20.8 
Estrella Fan** 434 16.5 -0.16 4.1 68.7 
Greenway*** 401 27.4 -0.67 5.0 134.9 
Maricopa*** 361 67.2 -3.51 6.1 409.5 
Queen Crk** 430 57.2 -3.8 6.2 346.2 
S Mtn Fan** 433 31.1 -1.72 4.6 152.9 
Sky Harbor* 344 11.9 2.02 4.1 50.2 
Thunderbird*** 442 43.0 -2.93 5.6 202.5 
Usery** 645 10.9 0.56 5.0 55.5 
Waddell*** 407 36.3 -1.83 5.8 176.4 
Overall Avg. 443 34.1 -1.4 5.3 175.9 

Table 1.  Freezes and Housing Start Data  
 

Station 

Primary 
Land 
Cover 

Change 

Freeze 
Event 
Trend 
1990-
2005 

Housing 
starts 
1990- 
2005 

Encanto None 0 5 

Greenway Desert to 
Urban -0.3 81 

Laveen Agriculture 
to Urban -0.8 68 

Carefree Desert to 
Urban -0.2 42 
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Figure 3. Maps show the variability of "frost" 
events at a threshold of 4°C for the ten winter 
seasons between 1995 and 2005.  Note that 
though the mean number of events per season and 
the mean total hours are similar, Encanto and 
Waddel both experience events that are more 
plentiful but short in comparison to the other 
stations.  Most urban sites experience little 
increase in the number of frosts, except for those 
which were encroached upon by urbanization.  
Rural sites experienced an increase in the number 
of events during the same period. 
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DEW AS A REGULATING FACTOR ON THE URBAN HEAT ISLAND  
Björn  Holmer, Anders Fredriksson 

Göteborg University, Göteborg, Sweden 
 
 
Abstract 
 
Dew was collected in the city of Göteborg, Sweden. Sites were on urban roofs and in urban canyons and also in 
suburban/rural areas. Plastic sheet covered plates (0.25 x 0.25 m-2) were used to catch dew from sunset to 
sunrise during 22 nights. Dew fluxes were in general below 10 gm-2h-1. On 10 nights rural excess (corresponding 
to a latent heat flux difference of  max 5-6 Wm-2 ) was observed. On three occasions there were more urban dew. 
Optimum dew occurred at local wind speeds of 1.5 - 3 ms-1. Nights classified as “more urban dew” showed to 
have higher UHI than nights with “less urban dew” Thus, the urban - rural dew differences seem not only to be a 
consequence of the UHI but also a regulating factor of the UHI magnitude. 
 
Key words:  dew, latent heat flux, urban heat island 
 
 
1. INTRODUCTION  
 
Dew has not received much attention in an urban climatic context. Chandler (1962) comments that on some 
nights rural dew can explain the nighttime urban moisture excess in Leicester, Mattsson (1971) showed 
decreasing amounts of dew between buildings compared to the surroundings and the first series of dew 
observations used in the present study was presented in a MSc thesis (Wallberg & Wänström 1997) and used by 
Holmer & Eliasson (1999). However, most efforts have been done in suburban areas in Vancouver by use of 
hardware models and field observations (Richards 2002, Richards & Oke 2002, Richards 2004. Richards 2005). 
 
But is there an influence of the urban-rural dew differences on the urban heat island (UHI) or are the differences 
only a consequence of the UHI? Since the dew formation results in a latent heat flux it is one of the components 
of the nighttime energy balance and thus also may have an influence on the UHI. 
 
2. EXPERIMENTAL   
 
During three field campaigns 1996, 1998 and 2002 dew was collected in the city of Göteborg on the Swedish west 
coast. Sites are shown in fig. 1. The purpose was to study intra-urban contrasts as well as urban - suburban/rural 
differences. Thus, sites were chosen both on urban roofs and in urban canyons and also in suburban/rural areas. 
Different subsets of sites were used during the three campaigns (March-June 1996, October-November 1999 and 
September-October 2002). Samples were taken during 22 nights. Plastic sheet covered plates (0.25 x 0.25 m-2) 
were used to catch the dew. They were put on the site at sunset and taken away for weighing at sunrise. Tests 
with an IR-thermometer have shown that the plates become temperatures close to the surrounding surfaces. Sky-
view factors were determined by fish-eye imagery. Long-wave radiation was monitored during the two last 
campaigns. Each site was linked to nearby information of wind and temperature. Results have been presented by 
Wallström & Wänstrand (1997), Sandström & Lindqvist (1999) and Olsson & Fredriksson (2003). 
 

 
Fig.1 Sites used during the three field campaigns
      

Fig. 2  Site 3. Photograph from site 4.
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3. RESULTS 
 
3.1. Dewfall rates 
Since the purpose is to study the resulting latent heat fluxes all dewfall figures are given as dewfall per hour as an 
average over the night. Fig. 3 shows the observed dewfall rates from the first campaign in 1996. The suburban 
grass and asphalt often received most dew. However, on some occasions the urban roof received most. This also 
happened during the third campaign in the autumn of 2002. The urban asphalt (a yard in an area with six-storied 
houses) received very little dew. 
 

 
Fig. 3  Observed dewfall rates during the first campaign in 1996 
 
3.2. Latent heat flux 
 
To estimate the urban-rural difference in latent heat flux a central part of Göteborg was chosen (the dark shaded 
area in fig. 1). It consists of areas with narrow canyons where dew only will be found on the roofs, areas where 
dew is possible both on the ground and on the roofs and parks. Then an area-weighted dewfall was calculated for 
each night and the corresponding latent heat flux. The flux differences ranged from -5.5 to 1.5 Wm-2. These fluxes 
were compared with the dew-induced latent heat fluxes at the suburban or rural sites. Fig. 2 shows that large rural 
and small urban dew-related latent heat flux is connected to a low UHI, i.e. the higher rural release of latent heat 
diminishes the rural cooling thus resulting in a weaker UHI. With decreasing difference the UHI grows in intensity. 
The coefficient of determination of this relation is fairly high (R2=0.48). 

 
Fig. 4  UHI in relation to urban-rural differences in latent heat flux due to urban-rural dew differences 
 
3.3. Wind influence on dewfall and UHI 
 
Dewfall is restricted to situations with weak winds. But as pointed out by Monteith (1957) there has to be some 
turbulence to transport the humid air towards the cool surface so the wind must not be too weak. Comparisons 
with available local wind data (Fredriksson 2003) showed that wind speeds in the interval 1.5-3 ms-1 were 
favorable for dewfall while lower wind speeds gave less dew. Above 3 ms-1 dew was virtually absent. These 
relations were used to predict nights with possible urban and/or rural dew for August 2002. In fig. 3 the observed 
UHIs on the nights evaluated in this way are plotted in relation to the urban wind speed and so are also the nights 
with dew observations. Data were divided in two groups – nights with more urban than rural dew and vice versa. 
The UHIs are higher on nights with more urban dew (observed or estimated), i.e. an extra release of latent heat 
by dew has an UHI enhancing effect, compared to nights with more rural dew. The relations between the wind 
speed (turbulence) and the UHI are weak within the two groups respectively. 
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 Fig. 5  UHI in relation to wind speed and observed or estimated urban-rural dew 
 
 
4. DISCUSSION 
 
There is no standard method to sample dew. Blotting paper (Richards 2002) can be used but if the surface is 
uneven the received amounts probably is too small. On the other hand a possible guttation from below will 
increase the amounts and thus exaggerate the downward vapor flux. The use of different kinds of plates or sheets 
excludes the guttation effect but then there are problems with the radiation and heating properties. If the surface 
of the collector not has the same temperature as the surrounding the received amount will be deviating. In the 
present case the radiation temperatures of the plastic sheet on the masonite plates showed not to differ 
systematically in comparison with grass, asphalt and tin roof. 
 
The observed amounts of dew are rather small. 10 gm-2h-1 corresponds roughly to 0.1 mm thick layer of dew 
during the whole night. This also means that the latent heat fluxes are rather low. The urban-rural difference was 
max 5 Wm-2. So with conditions for heavier dewfall greater differences are possible. Holmer & Eliasson (1999) 
calculated from changes in vapor pressure during the night that urban-rural differences in the latent heat flux can 
be as large as 25 Wm-2. However, the nocturnal radiation balances are only 50-100 Wm-2 (e.g. Oke (1987). 
 
The UHI is in fig. 4 shown to have a relation to the urban-rural difference in latent heat flux. The R2 for this relation 
is considerably higher than for the relations with wind speed shown in fig. 5. The wind relation has in various 
connections been used to explain variations of the UHI due to the weather (e.g. Oke 1987). The difference 
between the group with more urban dew and less urban dew is significant on the 5 per cent level. 
 
5. CONCLUSION 
 
The data base used is not large but the results clearly indicate that the urban-rural dew differences not only are a 
result the UHI but a factor regulating its intensity. 
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CHANGES IN CHARACTERISTICS OF MID-SUMMER RAINFALL  

IN THE KANTO DISTRICT, CENTRAL JAPAN 
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**The University of Tokyo/ JAMSTEC-IORGC,Japan 

Abstract 

Using daily maximum 1-hour precipitation of AMeDAS data at 77 observatories in the Kanto district, central 

Japan, the present study analyzes the trend of frequency of heavy rainfall events during mid-summer 

(July-August) for 27 years (1976-2002). Rainy days decreased all over the Kanto district, suggesting that 

not-rainy days would increase under strengthened North Pacific anticyclone. To the contrary, frequency of heavy 

rainfall events with a return period of 1 year significantly increased in the Tokyo Metropolitan area and the 

western and northern mountains around the Kanto plain. In the area mentioned above, heavy rainfall events 

mostly occurred in the afternoon and evening: during from 13JST to 24JST. Thus, these heavy rainfall events 

would be induced by intensified thermal convective rainfall under an atmospheric condition combined with the 

strengthened North Pacific anticyclone and the heat island of Tokyo Metropolitan area. 

Key words: Heavy rainfall events, Mid-summer, the Tokyo Metropolitan area 

 

1. INTRODUCTION 

Urbanization with increase of artificial heat load and buildings would affect on precipitation mechanism over cities 

and the surroundings. Particularly, in warm season, heavy rainfall events and ground-to-lightings are increased 

or intensified over big cities and the surroundings (Atkinson,1971;Changnon,1968). In case of small cities, the 

phenomena could be showed only in the surroundings (Changnon,1978; Westcott,1995). The Tokyo 

Metropolitan area is the most urbanized area in Japan. The urbanized areas indicated by settlement, road, and 

railway, had spread about 7 times in 1985 relative to 1900 (Kusaka and Kimura, 2000). The Tokyo Metropolitan 

area faces the Tokyo Bay and is located in the southern part of the Kanto plain. High mountains (the altitudes are 

1000m ~ 3000m) surround the north and west of the Kanto plain. The south and east of the Kanto plain faces the 

Pacific Ocean. These areas including the Tokyo Metropolitan area are called as the Kanto district. Most of 

previous statistical studies for heavy rainfalls in Japan focused on the Tokyo Metropolitan area. Takahashi (2003) 

and Kanae et al. (2004) revealed that long-term (about 100 years) interannual variation of heavy rainfall events 

at the Tokyo Metropolitan area. Fujibe (1998) revealed that rainfall amount and frequency increased over the 

Tokyo Metropolitan area and particularly the amount increased in the afternoon in warm season during 16 years 

(1979-1994). Although in the afternoon in the warm season, thermal convective rainfalls often occur in mountains 

around the Kanto plain (Sawada and Takahashi, 2002) and sometime they occurred as heavy rainfall events, it 

has not been examine the trend of heavy rainfall events over the Kanto district including the Tokyo Metropolitan 

area and the surrounding mountains has not been examined yet. The main purpose of this study is to examine 

statistically the trend of frequency of heavy rainfall events in mid-summer (July-August) in the Kanto district, on 

basis of observational data during 1976 to 2002.  
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2. DATA AND METHODOLOGY 

2.1. Data source 

Precipitation data are obtained from the AMeDAS (Automated 

Meteorological Data Acquisition System) data set compiled by the Japan 

Meteorology Agency. It contains hourly precipitation records at 77 stations in 

the Kanto district (Fig.1), which provide data for at least 90% of observed 

days(1674 days) for the analysis period. 

2.1. Threshold of heavy rainfall events  

Using daily maximum hourly precipitation data, the heavy rainfall events are 

defined by each station on the basis of probable rainfall amount and return 

period as follows.  

When a rainfall more than X mm occurs 1 time per T years at a station, X 

mm is called T-year probable rainfall amount, and T is called the return period for X mm rainfall amount. Referring 

the statistical methodology used for analysis of relation between magnitude and frequency of landslides caused 

by heavy rainfall events by Ohmori and Hirano (1988), the relation between daily maximum hourly precipitation 

and frequency could be expressed by a minus exponential distribution as follows. 

 When daily maximum hourly precipitation is X mm, the cumulative frequency of observation repiod, F(X), is 

given by 

F(X) = a10 -bx                                                  (1) 

where a and b are constants peculiar to the station. The coefficient a is related to the number of rainy days at 

each station, and b indicates the probability of occurrence rate of heavy rainfall events. The probability of 

occurrence, p(X), is expressed by 

p(X)= F(X)/a = 10-bx                                           (2) 

The return period, rx, of daily maximum hourly precipitation is given by  

rx=(1/p(x))/n=10 bx/n                                            (3) 

In turn, the probable rainfall amount X mm with the return period rx is given by 

X = (log(n�rx))/b                                              (4) 

where n is annual mean rainy days for the 

analyzed period. Using equations (3) and 

(4), arbitrary return period of any given daily 

maximum hourly precipitation and the 

probable rainfall amount for a given return 

period can be estimated. When a season of 

the year is analyzed, the return period and 

probable rainfall amount are adapted only 

for the rainfalls in that season.  

Firstly, frequency of rainy days counted for 

Precipitation Approximation Return period
(mm) Frequency Cumulative Frequency Cumulative Frequency (year)

x f y F(X) = Ų ¿10-Ų Àx rx = 10
Ų ÀX/n

1 360 536 144.1 0.2

6 80 176 98.9 0.3
11 50 96 67.8 0.4
16 21 46 46.5 0.6
21 5 25 31.9 0.8
26 4 20 21.9 1.2
31 3 16 15.0 1.8
36 3 13 10.3 2.6
41 1 10 7.1 3.8
46 2 9 4.8 5.6
51 3 7 3.3 8.1
56 1 4 2.3 11.8
61 2 3 1.6 17.3
66 0 1 1.1 25.2
71 0 1 0.7 36.7
76 1 1 0.5 55.4
81 0 0

Observed data

Table 1. Observed cumulative frequency and the estimated 
values of daily maximum hourly precipitation at Tokyo 

Figure1. Distribution of 77 
AMeDAS stations 
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every 5 mm class of precipitation. Next, cumulative frequency in descending order from the highest class was 

calculated and transformed into common logarithm scale. And last. regression analysis was performed by 

equation (1) for each station. All of the coefficients of determination of regression curves were larger than 0.7, 

showing that the cumulative frequency of individual stations can be expressed by equation (1). The case of 

Tokyo observatory is shown in Table1 as an example. Although there are various definitions of the “heavy 

rainfalls”, using daily maximum hourly precipitation, a rainfall over the probable rainfall that occurs 1 time a year 

is defined as the heavy rainfall event in this study. 

Statistical significances for the trends of frequency of the heavy rainfall event were examined by t-test.  

3. RESULTS 

3.1. Trend of rainy days 

Figure 2(a) shows the distribution total 

rainy days having precipitation exceeding 

1mm�day-1 for 27 years. The maximum is 

more than 900 days in the northern and 

western mountains. In these areas, 

thermal convective rainfalls often occur in 

mid-summer (Sawada and Takahashi, 

2002). The total rainy days decrease 

gradually from mountains to seacoast. It 

must reflect the feature of thermal 

convective rainfalls in mid-summer. 

Figure 2(b) shows tendency of trends for 

the frequency of rainy days for 27 years. It 

indicates that annual rainy days decreased 

all over the Kanto district. There is not any 

difference in trend among all stations, 

suggesting that all clear days under the 

strengthened North Pacific anticyclone 

would increase. 

3.2. Trend of heavy rainfall events 

Figure 3(a) shows the distribution of the 

threshold of heavy rainfall events at each 

station. The threshold is 30-40mm�hr-1 in 

the northern and western mountains. In the Tokyo metropolitan area, the threshold is 30-35mm�hr-1 , higher than 

those of the surroundings. The minimum threshold is 20-25mm�hr-1 at seacoast along eastern part of the Kanto 

plain. 

Figure 3(a). Distribution of 
the threshold of heavy 
rainfall events 
Contour interval is 5mm. 
20mm< white circle <30mm 
30mm< gray circle <40mm 
40mm< black circle <50mm 

Figure  3(b). Trends of 
occurrence frequency of 
heavy rainfall events  
�:significantly increased 
�:increased 
�:decreased 

Figure 2(a). Distribution of 
cumulative rainy days for 
27years 
Contour interval is 100days. 
300days<white circle<500days 
500days<gray circle<700days 
700days<black circle<900days 

Figure 2(b). Trend of rainy 
days 
�:decreased 
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Figure 3(b) shows tendency of trends of yearly frequency of heavy rainfall events, indicating that most stations 

except for seacoast area have increased in frequency of heavy rainfall events. In particular, it shows that 

frequency has significantly increased at 10 stations in the Tokyo Metropolitan area and the western and northern 

parts of the Kanto plain. 

3.3. Occurrence time of heavy rainfall events 

Figure 4 shows occurrence time of heavy rainfall 

events at 10 stations mentioned above. Most events 

occurred during 19-24JST as well as 13-18JST. 

Occurrence frequency during both periods 

(13-18JST and 19-24JST) significantly increased. 

4. Concluding remarks 

Rainy days in mid-summer (July-August) decreased 

all over the Kanto district including the Tokyo 

Metropolitan area, thus all clear days would increase under the strengthened North Pacific anticyclone. On the 

other hand, frequency of heavy rainfall events, which would occur 1 time a year, increased not only in the Tokyo 

Metropolitan area but also in the western and northern parts of the Kanto plain. And most of the heavy rainfall 

events have occurred in the afternoon and evening (13-24JST). As a conclusion, thermal convective rainfalls 

under anticyclone would induce these heavy rainfall events. These fact, suggest that the heavy raindall events 

would be induced by intensified thermal convections inland in the Kanto district under an atmospheric condition 

combined with the strengthened North Pacific anticyclone and the heat island of Tokyo Metropolitan area. Details 

should be detected. 
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Figure 4. Trends of occurrence time of heavy rainfall 
events at 10 stations where have significantly
increase trend 

0

2

4

6

8

10

12

14

16

18

20

1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002

o
c
c
u
r
e
n
c
e
 
f
r
e
q
u
e
n
c
y
 
o
f
 
h
e
a
v
y
 
r
a
i
n
f
a
l
l
 
e
v
e
n
t
s

19-24JST

13-18JST

7-12JST

1-6JST

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

605



MESOSCALE MODELING OF URBAN IMPACT  
ON SUMMER AND WINTER PRECIPITATIONS NEAR PARIS 

Aurélie Regimbeau*, Valéry Masson**, Sophie Morel* 
*METEO-FRANCE/DIRIC/BE, Paris, France; **METEO-FRANCE/CNRM, Toulouse, France 

 
Abstract 
 
A modeling approach is considered to check a possible influence of Paris over both summer and winter 
precipitant events, using the non-hydrostatic fine scale Meso-NH model coupled with the urban surface scheme 
Town Energy Balance (TEB). The simulation of precipitant events is satisfying despite time and space 
discrepancies, as well as an underestimation of rainfall. For the winter case, differences exist between simulations 
with and without TEB : an intensification of rainfall downwind the city and a modification of the structure of 
stratiform cold clouds by surface flux enhancement were observed in the simulation including TEB. Few 
differences are enlighted for the summer case. Moreover, in both cases, the coupling with the experimental 
ALADIN 3DVar assimilation system leads to more realistic results than the operational coupling analysis. 
 
Key words: mesoscale modeling, urban-induced precipitations, 3DVar assimilation system 
 
 
1. INTRODUCTION  
 
Several recent situations seem to enlight urban effects of Paris agglomeration on precipitant systems, for 
convection in summer, but also for one case of stratiform snowfall in winter. Indeed, these cases were difficult to 
anticipate by the operational weather forecast service. The hypothesis of urban effects is naturally advanced to 
explain the complexity of their forecast. Many experiments and studies have concerned the urban-induced rainfall 
topic, for cities such as St Louis (Changnon and al., 1971), Atlanta (Bornstein and Lin, 2000), and Mexico City 
(Jauregui and Romales, 1996), for instance. Their conclusions, based on observations, agree with possible urban 
influences, in particular, because of enhancement of precipitant activity specially downwind towns or convective 
events modification linked to growth of towns. According to Shepherd (2005), urban effects may exist and impact 
precipitations or convection through mechanisms such as an enhanced convergence due to surface roughness 
increase, a destabilization linked to Urban Heat Island (UHI)-thermal perturbation or the presence of aerosols, etc.  
A numerical simulation strategy is chosen to investigate if urban effects exist on these cases over Paris (France). 
The study is thus based on fine scale modeling using the non-hydrostatic mesoscale Meso-NH model (Lafore and 
al., 1998) coupled with the urban surface scheme Town Energy Balance (Masson, 2000). 
Methodology and models are described in section 2 ; results for the winter case and for the summer case are 
respectively treated in sections 3 and 4. 
 
2. METHODOLOGY 
      2.1 Simulations geometry 
 
A two-way gridnesting technique is used to increase the resolution around Paris : one large model with a grid 
mesh of 10 km contains a finer one with a grid mesh of 2.5 km. Simulations including the town are compared to 
simulations where Paris is substituted by vegetation as natural cover zone. In this case, surface is treated by the  
Interaction Soil Biosphere Atmosphere (ISBA) scheme (Noilhan and  Planton, 1989) that parameterizes the 
interactions between the natural soil, the vegetation and the atmosphere. In peri-urban areas where natural and 
urban surfaces coexist, ISBA and TEB fluxes are computed and a resulting proportional to land use flux is 
considered. A sensitivity study is also carried on by changing initial, lateral, upper and boundary conditions 
provided by six hours-spaced analysis from the experimental fine scale ALADIN 3DVar assimilation system, 
instead of ARPEGE operational analysis. Results are then compared by two ways : subjective comparison 
between maps of relevant meteorological parameters and ground truth on the one hand and classical statistical 
scores (biases, RMS and correlation) to evaluate model performance on the other hand.   
 

2.2 The urban surface scheme TEB 
 

The TEB scheme parameterizes town-atmosphere interactions. The urban radiative and dynamical processes are 
reproduced, such as anthropogenic fluxes linked to industry and traffic or radiation trapping inside streets. It is 
based on “urban canyon” geometric representation (Oke, 1987) defined by three surface types : roads, streets 
and walls. The scheme computes for each one the surface energy budget. TEB has been used to study UHI in 
Paris (Lemonsu, 2002) or during the ESCOMPTE campaign in Marseille (Lemonsu et al., 2006).  
 
3. THE WINTER CASE :  23rd FEBRUARY 2005 

3.1 Meteorological situation 
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The 23 February 2005 meteorological situation corresponds to a strong snowfall from stratiform clouds on Paris 
and its suburbs. A snow band coming from Belgium arrived at the beginning of the night on Paris area with a 
north-east flow. At 0600 UTC, instead of evacuating following the flow, one cell stayed on the east of Paris during 
three hours and kept precipitating, which created consequent snow accumulations : a maximum of 12 cm is 
observed. At 0900 UTC, the cell disappeared in the flow. Event is over.  
 

3.2 Simulation results 
 
Simulations begin at 2100 UTC the 22 February and end at 1200 UTC the next day. For this case, the model 
does not manage to reproduce the snow cell that maintains its activity on the east of Paris, but it simulates snow 
showers that cross the domain south-westerly, which implies a global underestimation of precipitations, compared 
with ground truth. 
However, the model presents satisfying results concerning differences between simulations with and without 
taking into account the city : an intensification of rainfall especially downwind the city (see fig. 1 and 2) and a 
modification of the structure of stratiform cold clouds by surface flux enhancement (see fig.3) were observed in 
the simulation including TEB. The urban heat island over Paris, created by TEB (see fig. 4) is verified against 2m-
temperatures observations. Computed statistics logically indicate better results for simulations including TEB. 
 

                                                                                                      

Figure 1 : Total precipitations  accumulations            Figure 2 : Difference of total precipitations                     
for simulation including TEB              between simulations with and without TEB 

                                    
Figure 3 : Vertical section of relative humidity and    Figure 4 : 2m-temperatures at 1900 UTC on          

wind – simulation including TEB.    02/22/2006 – simulation with TEB.         
The section is centered on Paris.              

 
4. THE SUMMER CASE : 23rd JUNE 2005 

 
4.1 Meteorological situation 

 
Heat thunderstorms developed in the afternoon of the 23 June 2005. Very hot temperatures, far above seasonal 
normals were measured before the arrival of thunderstorms. But, on this case, urban effects are not observed. No 
additional activity nor loss of activity is noted downwind the city. 
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4.2 Simulations results 
 
Simulations begin at 1200 UTC and end at 1800 UTC. For this case, few differences between simulations with 
and without TEB are noted. At this stage of simulation, one can assert that urban effects are not implied in this 
event. Nevertheless, the event is globally well reproduced by the model, in particular the evolution of surface 
temperatures and their fast cooling linked to thunderstorms.  
On this case, the use of analysis from ALADIN 3DVar considerably improves the results. Precipitations 
accumulations reach 48 mm (see fig. 5) whereas they reached 20 mm with the operational analysis (by 
comparison, observations indicate 60mm). There is also good agreement between observations and simulations 
for rainfall location and timing (see fig. 6). Comparisons with Trappes radar images also show a one hour 
discrepancy, which means a good performance, as regards civil security. All computed scores on 2m-
temperatures confirm the strong positive impact of 3DVar analysis and how close simulations with and without 
TEB are.   
 

 
 
Figure 5 : Total precipitations accumulations  Figure 6 : 2m-Temperatures evolution for urban stations  
 for simulation including TEB 
 
Moreover, this case allows to check the correct behaviour of TEB as regards the urban surface energy budget 
(see fig. 7 and 8). Operational network stations are divided in classes corresponding to their urbanization level : 
urban, suburban and rural areas. TEB  appears accurate with the reality pattern for such a convective situation. 
Indeed, the storage flux (G) with high negative values corresponds to the surface, heated by the hot sunny 
conditions of early afternoon, giving back its energy to the now cold air under the thunderstorm. The sensible flux 
(H) is quite important in urban stations whereas the latent flux (E) is close to zero except when thunderstorms 
precipitations increase the latent flux due to evaporation of rainfall. On the contrary, for rural stations, the storage 
flux is weak and the latent flux predominates since the transpiration of plants uses the major part of energy.  
 
 

 
Figure 7 : Surface energy budget for urban stations :      Figure 8 : Surface energy budget for rural stations :  
 storage flux (G) in solid line, latent flux (LE)             storage flux (G) in solid line, latent flux (LE)  
 in dot line and sensible flux in broken line.          in dot line and sensible flux in broken line. 
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5. CONCLUSION 
 
This study aimed at investigating the possible existence of urban effects on precipitant events over Paris with 
modeling tools. The research fine scale Meso-NH coupled with TEB globally gives correct results even if time and 
space discrepancies are found. However, simulations results do not allow to conclude really positively as far as 
urban effects are concerned, except for the winter case where differences are noted.   
 
Nevertheless, the study shows more satisfying results, in particular with the use of ALADIN 3DVar analysis, which 
leads to simulations improvement in both cases. This fact appears very interesting since ALADIN 3DVar analysis 
is a precursor of the future forecast model AROME with its 2.5 km resolution. It will propose finer analysis and will 
be operational in a couple of years. 
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Abstract 
 
In a numerical approach using a three-dimensional cloud-resolving model with advanced physical 
parameterizations (ARPS), extensive dry and moist simulations with various urban heat island intensities and 
horizontal structures and basic-state wind speeds are performed. The nonlinear flow response pattern in dry 
simulations shows no significant difference compared to the linear internal gravity wave field (Part I) except for the 
horizontal location of the maximum upward motion. Unlike the linear system, in which the maximum upward 
motion exists near the heating center, the maximum updraft in a three-dimensional nonlinear system moves in the 
downwind direction and becomes quasi-stationary after some time. In moist simulations, urban heat island 
induced downwind upward motion that is intensified up to a certain point initiates moist convection and results in 
downwind precipitation. Heavy precipitation occurs in a localized region which has an elongated shape in the 
basic-state wind direction not far from the heating center by convective precipitating cloud that is nearly stationary 
on the downwind side. From the numerical simulations with various y-directional length scales of the diabatic 
forcing, different flow response to the low-level heating between two and three dimensions is explained by the 
difference in y-directional structure of specified low-level heating. The numerical modeling results indicate that the 
intensity and horizontal structure of the urban heat island can significantly influence atmospheric circulation and 
hence affect the behavior of moist convection and its resulting surface precipitation. 
 
Key words: urban heat island induced convection, downwind updraft, initiation of moist convection, downwind 
precipitation enhancement 
 
 
1. INTRODUCTION  
 
Although the linear or weakly nonlinear theoretical studies can provide a basic dynamical insight of urban heat 
island induced circulation, those are constrained by the linear assumption. This study extends our previous two-
dimensional numerical work (Baik et al. 2001) and investigates the effects of nonlinearity on three-dimensional 
circulation forced by an urban heat island. It is demonstrated in three dimensions that downwind upward motion 
induced by an urban heat island can indeed initiate moist convection and result in downwind precipitation. 
 
2. NUMERICL MODEL AND EXPERIMENTAL DESIGN  
 
The numerical model used in this study is the Advanced Regional Prediction System (ARPS), which is a three-
dimensional, nonhydrostatic, compressible model with advanced physical parameterizations (Xue et al. 2000, 
2001). To isolate urban heat island effects on urban-induced precipitation changes, other potential factors such as 
urban surface roughness are not considered. A flat surface is assumed and surface processes, radiation 
processes, and rotation effect of the earth are neglected. For parameterizing subgrid scale turbulence, 1.5-order 
turbulent kinetic energy (TKE) based closure scheme is used. In moist simulations, Kessler warm-cloud bulk 
parameterization scheme is used.  

As in the theoretical study (Part I), the basic-state horizontal wind is constant with height and y-directional 
component is not considered. The vertical profile of the basic-state temperature follows that of the standard 
atmosphere. The basic-state relative humidity is constant from the surface to z = 1 km with 90%, decreases 
linearly with height up to z = 11 km, and is constant above with 10%. This thermodynamic sounding has a 
convective available potential energy (CAPE) of 101 J kg-1 when the moist effect is included. The domain size is 
150 km x 100 km x 15 km. The horizontal and vertical grid sizes are 1 km and 150 m, respectively. To prevent 
wave reflection at boundaries, a lateral radiation boundary condition is used and a damping layer is located from z 
= 12 km to the model top height. The model is integrated up to 6 h with a large time step of 2 s and a small time 
step of 0.5 s. Specified low-level heating centered at x = y = 50 km is the same as that in the theoretical study.  
 
3. RESULTS AND DISCUSSION 
 
3.1. Dry simulations 
 
Figure 1 shows the time evolution of the vertical velocity field along y = 50 km (heating center) with q0 = 0.8 J kg-1 
____________ 
Corresponding author address: Jong-Jin Baik, School of Earth and Environmental Sciences, Seoul National 
University, Seoul 151-742, Korea. 
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FIG. 1. The time evolution of the vertical velocity field along y = 50 km at t = (a) 600 s, (b) 1200 s, (c) 1800 s, (d) 1 
h, (e) 2 h, and (f) 6 h in a dry simulation with q0 = 0.8 J kg-1 s-1 and U = 4 m s-1. The minimum (min) and maximum 
(max) values and the contour interval (inc) are shown at the bottom of each figure (m s-1). 
 
s-1 and U = 4 m s-1. The vertical velocity field closely resembles the linear internal gravity wave field in response to 
the thermal forcing (Part I), including relatively strong downwind upward motion with an upstream phase tilt and 
weak upwind downward motion. However, the maximum vertical velocity in the linear internal gravity wave field 
exists near the heating center, while the maximum updraft in a three-dimensional dry simulation propagates 
downwind and becomes quasi-stationary 15 km downwind of the heating center. After some time, the intensity of 
the vertical velocity near the heating region becomes weaker because of the dissipation effect, but its pattern 
becomes quasi-stationary. There is a large difference with the flow response field in two-dimensional dry 
simulations in which as nonlinearity becomes larger, the well-organized downwind updraft cell is separated from 
the stationary gravity wave field near the heating center and propagates downwind continuously (Baik et al. 
2001). This different flow response pattern between two- and three-dimensional dry simulations is due to the 
difference in the y-directional structure of specified low-level heating. As the three-dimensional heat source is 
elongated in the y-direction, that is, the y-directional structure of the low-level heating in three dimensions 
approaches that in two dimensions, downwind updraft cell separated from the stationary gravity wave field 
appears and continues to move downwind. 
 
3.2. Moist simulations 
 
Figures 2a-d show the cloud water mixing ratio, rainwater mixing ratio, vertical velocity, and temperature fields 
along y = 50 km at t = 3 h in a moist simulation with q0 = 0.8 J kg-1 s-1 and U = 4 m s-1. The first cloud water is 
produced 8 km downwind of the heating center in 50 min after the low-level heating is applied. At this time, the 
maximum downwind updraft induced by the thermal forcing is located at the same location with a value of 0.28 m 
s-1. Coincidence of the horizontal location of the first cloud water formation with that of the maximum downwind 
updraft implies that the downwind upward motion forced by the urban heat island initiated moist convection. The 
first rainwater is produced 13 km downwind of the heating center about 27 min later after moist convection first 
occurs. Low-level cloud water induced by the downwind upward motion grows rapidly to deep convection with an 
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FIG. 2. The (a) cloud water mixing ratio (g kg-1), (b) rainwater mixing ratio (g kg-1), (c) vertical velocity (m s-1), and 
(d) temperature (oC) fields along y = 50 km at t = 3 h in a moist simulation with q0 = 0.8 J kg-1 s-1 and U = 4 m s-1. 
 
slight downstream tilt and localized heavy rainfall occurs in a region not far from the heating center by this 
convective precipitating cloud (Figs. 2a,b). At the upper level downwind of the convective cloud, stratiform cloud 
formed by cloud water that is advected away from convective sources by the basic-state wind appears. As time 
goes on, the cloud system and its resulting precipitating region propagate slowly in the upwind direction. The 
vertical velocity field shows that there is a strong updraft within the convective cloud and a downdraft over the 
precipitating surface region due to the falling precipitation (Fig. 2c). The temperature within the convective cloud is 
higher than that in the surroundings due to the latent heat released by condensing water vapor, while downwind 
of the convective cloud the temperature near the surface is lower than that in the surroundings due to evaporative 
cooling of falling precipitation (Fig. 2d). The first cloud water and rainwater formation in three-dimensional moist 
simulations occur earlier and closer to the heating center than those in two-dimensional moist simulations (Baik et 
al. 2001). This is because there is no y-directional (moist) convergence in two dimensions. 

Figure 3a shows the horizontal distribution of 6-h accumulated precipitation amount corresponding to the above 
simulation. There is surface precipitation over a wide region from x = 53 km to 100 km, but nearly all occurs in a 
localized region which has an elongated shape in the basic-state wind direction at a short distance from the 
heating center (from x = 53 km to 79 km) by convective precipitating cloud that is nearly stationary on the 
downwind side. A maximum value of 6-h accumulated precipitation amount is 282 mm and is located 18 km 
downwind of the heating region. A very small amount of precipitation occurs behind the primary precipitation zone 
by stratiform cloud located downwind of the deep convection. Precipitation pattern in three dimensions is different 
from that in two dimensions in which the amount of surface precipitation is much reduced and its area located 
farther away from the heating center shows a more widespread distribution (Baik et al. 2001). 

To explain the differences in the amount and horizontal location of surface precipitation between two- and 
three-dimensional moist simulations, extensive numerical simulations with various y-directional length scales of 
the diabatic forcing are performed. Figure 3 shows the horizontal distribution of 6-h accumulated precipitation 
amount with various y-directional half-width of bell-shaped function. As stated above, rainfall concentrates in a 
narrow area not far from the heating region in the case of ay = ax = 10 km. However, precipitating region spreads 
over a broad area located farther downwind as the y-directional length scale of the diabatic forcing increases (2D 
approach). In the case of ay = 2ax = 20 km, surface precipitation is observed in a narrow region elongated in the 
basic-state wind direction as in the circular-shaped heating case, but it exists at a longer distance from the 
heating center (Fig. 3b). In the case of ay = 4ax = 40 km, precipitating region not only propagates in the downwind 
direction, it also occurs over a widespread area in the y-direction (Fig. 3c). Even if the y-directional half-width of 
bell-shaped function increases further, there is no downwind movement of the precipitating region anymore. But, 
primary precipitation zones are shifted to the flanks of the heating region (Figs. 3d-f). These results indicate that 
different precipitation pattern between two- and three-dimensional moist simulations comes from the difference in 
y-directional structure of the low-level heating. 
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FIG. 3. Horizontal distribution of 6-h accumulated precipitation amount for ay = (a) ax, (b) 2ax, (c) 4ax, (d) 6ax, (e) 
8ax, and (f) 10ax in moist simulations with q0 = 0.8 J kg-1 s-1 and U = 4 m s-1. 
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Abstract 
A bi-lateral scientific cooperation agreement has been recently signed by the Italian 
and the US government to study global change impact, mitigation and adaptation, the 
CARBIUS Project. The main aim of the CARBIUS project is the quantification of the 
carbon balance at the regional scale, as plans for the reduction of anthropogenic 
emissions require verifiable information on regional sources of carbon and uptakes in 
terrestrial ecosystems. 
The net C-balance of a region is the results of C-sources and C-sinks. Sinks and 
sources of Carbon of terrestrial ecosystems vary over the course of the day and of the 
year in response to different factors such as irradiance, fraction of intercepted light, 
temperature, water availability and water vapour pressure deficit, land management 
and plant phenology. Sources are also varying during the day and over the year in 
response to changes in anthropogenic activities, road traffic and heating. Any 
meaningfull information on the seasonality of the C-budget at the regional scale 
requires therefore that the main anthropogenic and biogenic fluxes are carefully  
measured or modelled. So far, the temporal dynamics of urban fluxes has been based 
on standardized procedures to infer the mean daily or hourly CO2 emissions of a city 
on the basis of existing information on population density  and mean local weather 
conditions. In this paper preliminary flux data will be shown of two urban flux 
measurements stations in two italian cities (Florence and Rome) to demonstrate that 
the central part of the cities are a significant anthropogenic CO2 source.  
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Numerical simulation of urban thermal environment of the waterfront area in 
Tokyo by using a five meter horizontal mesh resolution 
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Abstract 
 

Recently, many high buildings have been constructed along the Tokyo seaside. These high buildings 
may have a strong influence on the thermal environment due to their close spacing. On the other hand, open 
spaces in urban areas are attracting attention as possible solutions for poor thermal environment. In order to 
investigate the influence of the high building cluster and open spaces on the thermal environment, wind and 
temperature fields were analyzed by using a newly developed analysis system on the Earth Simulator. 
 
Key words: Urban heat-island, Earth Simulator, Tokyo, High Building Cluster, CFD 
 
 
1. INTRODUCTION  
 

The urban heat island phenomenon is an important issue in large cities of Japan. In the case of Tokyo, 
tropical nights were rarely found at the beginning of the 20th century, but recently, they have been observed 
about 30 to 50 days/year. In addition, the yearly averaged temperature of Tokyo increased by 2.9� in the past 
100 years, while that of medium and small cities increased by about 1�. 
  To date, many causes of the urban heat island phenomenon have been pointed out; however, some of 
these causes have not been well verified. One of these causes is the effect of individual high rise buildings on the 
large scale thermal environment and another is the effects of open spaces in urban areas. It has been extremely 
difficult to deal with these factors precisely on the urban scale. However, the advent of the Earth Simulator (a 
highly parallel vector supercomputer system with 640 processor nodes, 10 TB main memories and 40 Tflops 
theoretical performance) has dramatically changed the limits of computer simulation and it has become possible 
to perform urban-scale thermal environmental analyses resolving individual buildings. 

For the simulation of urban-scale thermal environment using the Earth Simulator, we developed a new 
thermal environmental analysis system which considers various urban effects. In this paper, we report the 
simulation of thermal environment in the 5 kilometers square areas of the Tokyo seaside, where many high rise 
buildings have been constructed recently. 
 
2. NEWLY DEVELOPED ANALYSIS SYSTEM ON THE EARTH SILUMATOR 
 

In order to precisely analyze urban heat island phenomenon, it is necessary to take into account macro-
scale climate characteristics, roughness of ground surfaces, the arrangement and shape of buildings, temperature 
of urban surfaces, effects of land use and anthropogenic heat by urban activities. Figure 1 shows how these 
factors are related in the newly developed analysis system. 

To set up Land use and Building 
shape databases, Tokyo metropolitan GIS 
(Geographic Information System) data was 
used with a horizontal mesh resolution of 5m, 
which is small enough to resolve individual 
buildings and most roads in urban areas. In 
order to take into account the volume of 
buildings that can not be resolved with 5 m 
mesh, a database was constructed of effective 
volume ratio and open area ratio at each mesh 
point. For the creation of the database of Land 
height, 5 m DEM (Digital Elevation Model) from 
the Geographical Survey Institute was used. 

The temperature of urban surfaces in 
each computational mesh was set based on 
the land use and the ratio of shade area, which 
was calculated 3-dimensinally considering the 
skyline. The surface temperatures were 
calculated using a heat balance model, which 
was run in advance.  

In order to take into account the 

Land height
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(GIS)

Shape of buildings

(GIS)

Shade of skyline

Heat balance model 
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CFD (k- ├model)

OUTPUT
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Air temperature, Velocity, etc. 

Surface
temperature

 
 
Figure 1.   Diagram  of urban heat island analysis.   *Note that, 
in the present study, anthropogenic heat is ignored. 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

615



macro-scale climate characteristics, database of boundary conditions for the computational domain was 
constructed by performing a mesoscale meteorological simulation   

Using the above databases, CFD (Computational Fluid Dynamics) simulation was performed on the 
Earth Simulator. 

 
3. MODEL DESCRIPTION 
 
  The governing equations are based 
on the compressible Navier-Stokes equation 
and transfer equation of potential 
temperature. The turbulence model is the 
standard k-ε model. In order to improve the 
reproducibility of buildings’ shapes, FAVOR 
method (Hirt, 1993) is incorporated using the 
previously mentioned database of effective 
volume ratio and open area ratio of buildings 
in each mesh. Heat flux from the surface of 
buildings and land is taken into account as 
source terms of energy equation using 
Newton’s cooling law.  

The influence of trees was added to 
the model by inserting a drag term into the 
momentum transport equation and a 
turbulence source term into the k-εequation 
(Yoshida et al.,2000, Iwata et al., 2004). This 
time, the effects of evapotranspiration   are 
not considered.  

In order to efficiently calculate large 
scale Poisson equations, Algebraic Multigrid 
method (K. Stuben, 1999) is employed.  
 
4. RESULTS 
 
4.1 SIMULATION CONDITION 
 
 Figure 2 shows the analyzed domain, which is 5km (X: east-west direction) × 5km (Y: south-north 
direction) × 0.5km (Z: vertical direction) of the waterfront area of Tokyo (35°39’ 50”N latitude, 139° 45’ 23E” 
longitude). The following orthogonal grid is applied to evaluate the urban terrain and topology explicitly.  
�Grid width in X and Y directions�5[m] (uniform mesh) 
�Grid width in Z direction�1 to 10[m] (non-uniform mesh) 
�Number of grid points� 1,000(X)×1,000(Y)×100(Z)=100,000,000 
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X

Y

Tokyo bay

East Asia

Tokyo

Wind

Sumida river

Shiba park High buildings
(Shio-site)

Imperial Palace
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Figure 2.   Domain for the present simulation around the 
Tokyo seaside region (5 km by 5 km)  is shown.  
Sky blue: Water(Sea, river, etc.). Yellowish green: lawn. 
Green: Tree.  Note that the height of the buildings is 
emphasized.   

 
Figure 3.   Distribution of Velocity vectors and air temperature at 10 m above the ground.   

 Left figure: Velocity vectors more than 2m/s. Right figure: Air temperature.  
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The meteorological boundary condition of the computational domain was created by averaging the data 
of 23 days of fine weather in summer, which were calculated by a mesoscale meteorological model. The average 
location of the sun was; altitude 58.9°, azimuth 246.1°.  

The boundary conditions of wind to the surface of soil and building’s walls were set by the generalized 
logarithmic law. 

 
4.2 SIMULATION REAULTS 

 
Figure 3 shows the distribution of velocity vectors and air temperature at 10 m above the ground. In the 

left figure, only the wind vectors that exceed 2m/s are depicted and most of them are seen in open spaces, such 
as parks, rivers and roads. That is, “Wind paths” are formed along open spaces. On the other hand, in these open 
spaces, air temperature is lower than surrounding areas. The areas of high temperature correspond to the built up 
areas, where strong wind is not observed.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.  Vertical distribution of velocity and air temperature at each cross section . 

The letters A, B and C represent the cross sections through Shiba park, skyscraper cluster 
and Sumida river,  respectively. Left: velocity . Right: Air temperature and velocity vectors. 
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Figure 4 shows the vertical cross section of wind velocity vector and temperature distribution. The three 

cross sections include parks (A), the skyscraper cluster of the coastal area (B), and a river (C). The wind blows 
into the open spaces of the parks from the surrounding areas in cross section (A). As a result, wind speed 
increases near the ground surface of the parks, and the temperature decreases in that area.  In cross section (B), 
sea breeze decreases because of the skyscraper cluster and a wind stagnation area is formed at the back of the 
skyscraper cluster. Accordingly, a high temperature area, over 29�, is formed at the back of the skyscraper 
cluster.  
The temperature increase near the ground surface occurs mostly by the stagnation of the airflow. As a result, one 
effective method to improve the thermal environment of an urban area is to improve ventilation by keeping many 
open spaces. In the cross section (C), there are less tall buildings, so the sea breeze flows further inland 
compared to cross sections (A) and (B). Therefore temperature increase is alleviated.  
  
4.3. COMPARISONS TO MEASUREMENT DATA 
 

In this section, observed wind data is compared to the simulation results to confirm the validity of the 
analysis. The observation was performed on a typical summer day, September 3 in 2004 at 14:00. In Figure 5, a 
comparison of wind velocity between measurement data and the CFD analysis data is shown. Wind direction in 
the coastal area (Area 1) and urban area (Area 2) obtained by the CFD analysis match the measurement data 
well. On the other hand, the mesoscale analysis matched the flow of the sea breeze in the coastal area (Area 1), 
but flow area in the urban area (Area 2) was not well matched. This is because mesoscale model uses a uniform 
roughness length, and influence by the building cluster is not directly considered. 
 
5. CONCLUSIONS 
 

We developed a new thermal environmental analysis system on the Earth simulator, and performed a 
CFD simulation of the thermal environment in the Tokyo seaside area, resolving individual buildings. As a result, it 
was confirmed that “wind paths” were clearly formed along open spaces such as rivers and traffic roads. It was 
also confirmed that high-rise building clusters create a region of stagnant flow and elevated temperatures. 
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Figure 5.  Wind directions at 14:00: Surveyed result, CFD and  Meso-scale model.   

 Middle figure: Area 1 (at the seaside) .  Right figure: Area 2 ( in the town) 
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Abstract 
In the present study, an attempt is made to assess the Mixing Layer Height estimations, as derived from different 
PBL parameterization schemes by the Mesoscale Model MM5 and measurements over Munich. Measurements 
from a ceilometer and a Sodar are also provided for selected spring and winter days, at two sites close to Munich. 
It was found that during the spring days the Mixing Layer Height can be calculated by considering the diffusion 
coefficient profiles, by taking into account the prevailing conditions and the measured quantities (e.g. turbulence, 
atmospheric layering as residual layer). During a foehn case, with weak turbulence, the calculated Mixing Layer 
Height is better approached by considering the maximum wind speed during the night and the elevated inversion 
during the day.  
 
 
Key words: Diffusion coefficients, mixing height, MM5 model 
 
 
1.   INTRODUCTION 
 
An accurate forecast of the Mixing Layer Height (MLH) is very important for environmental studies, such as air 
quality modelling, because it affects near surface pollutant concentrations, the vertical profiles of mean wind 
velocity and the turbulent vertical exchange of momentum, heat, moisture and other mixtures (Emeis et al., 2004). 
Nonetheless, there is still no unique definition and no overall accepted method of deriving the MLH either from 
measurements or from numerical calculations (Stull 1988; Garratt 1992; Beyrich 1997; Seibert et al. 1998, 
Tombrou et al., 2006). According to Beyrich (1997), the vertical mixing in the Planetary Boundary Layer (PBL) is 
forced by convective or mechanical turbulence, while stable stratification acts to suppress mixing. As a result, the 
PBL can be considered equivalent to MLH only if convective or mechanical turbulence clearly dominates the 
structure of the PBL. According to Stull (1988), three layers can be identified within the Convective Boundary 
Layer (CBL); the surface, the mixed and the entrainment zone. The whole CBL is often called the mixed layer, and 
its depth is often defined as the level of most negative heat flux, near the middle of the entrainment zone, or at the 
height where the capping inversion is strongest. Nevertheless, since the turbulence extends beyond that height, 
one should be aware that the entrainment layer is not a well-mixed layer and the turbulent intensity declines 
toward its top (Gryning and Batchvarova 1994). Consequently, the determination of the MLH is often ambiguous 
under realistic atmospheric conditions, even over relatively homogeneous terrain. 
The diurnal variation of MLH over Munich was calculated by the Mesoscale Model (MM5), considering several PBL 
parameterization schemes, already incorporated in the model, plus the modified version (Dandou et al., 2005), 
whereby urban features are considered. For validation purposes, the model simulations were compared with 
ceilometer measurements at Frankendorf, northeast of Munich and Sodar measurements at Fürstenfeldbruck, 
west of Munich, for selected spring and winter days. During another campaign both methods where operated 
simultaneously at the same site also (Emeis et al., 2004). 
The present study is actually in succession to the Athens case (Tombrou et al., 2006), where it was found that the 
PBL approach based on the diffusion coefficient profile seems to represent the MLH estimation better in cases that 
a deep mixing layer is developed or a more confined Thermal Internal Boundary layer is formed. Compared to the 
Athens complex terrain area, the extended Munich area has quite different characteristics, as far as the 
topography and the wind flow is concerned. In particular, the terrain in Munich is rather homogeneous preventing 
the formation of local circulations (e.g. sea-breeze). Moreover, it is interesting to see how the calculated MLH can 
be compared to the MLH estimations derived from different instruments such as the ceilometer and the Sodar, 
which use quite different methods and criteria.  
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2.   METHODOLOGY 
 
The work was based on applying the original version of Penn State/NCAR Mesoscale Model MM5 (Grell et al., 
1994), by considering four different PBL schemes: a) the high resolution non-local MRF scheme (Hong and Pan, 
1996), based on the Troen and Mahrt’s (1986) representation for counter-gradients and K-profiles in the well-
mixed CBL; b) the high resolution Blackadar’s scheme (Zhang and Anthes, 1982); c) the Gayno-Seaman  scheme 
(Shaffran et al., 2000), based on Mellor-Yamada TKE and d) the more recent Pleim-Xiu scheme (Pleim and 
Chang, 1992), a derivative of the Blackadar PBL scheme using a variation on the non-local vertical mixing. In all 
these applications, the urban areas are represented as bare soil with specific surface characteristics and physical 
parameters, such as roughness length, albedo etc. However, an additional simulation was performed with a 
modified version, the MRF-urban scheme, where recent advances in the urban boundary layer are considered 
(Dandou et al., 2005). Also, in this version, the surface stress and heat flux have been modified in order to give 
emphasis to rough surfaces under unstable conditions (Akylas et al., 2003, Akylas and Tombrou, 2005) and 
stable conditions (King et al., 2001).  
The various PBL schemes consider different methods to calculate the MLH (Tombrou et al., 2006). Therefore, in 
order to determine the vertical structure of the atmosphere over the examined area, the calculated wind, potential 
temperature and diffusion coefficients profiles were also studied. It should be mentioned that, given that the 
Blackadar and Pleim-Xiu schemes do not provide the diffusion coefficients for the unstable cases, the O’Brien 
(1970) method was applied in addition directly to every set of simulation results for the diffusion coefficients 
calculation.  
The whole procedure was supported by detailed information on land use cover derived from the CORINE data 
base over the extended Munich area. This detailed information was also used in the MRF-urban scheme in order 
to construct new fields for various parameters such as the roughness length and the semi-empirical coefficients 
for the heat storage flux (the OHM scheme by Grimmond et al., 1991) within the urban limits of the city, by 
applying an aggregation procedure. 
The measured MLH, at the rural station of Frankendorf, was obtained by using a ceilometer, which gives 
information on the aerosol content of the air (Emeis et al., 2004), while at the urban station of Fürstenfeldbruck, by 
using a Sodar (Emeis and Türk 2004). The MLH derived from the Sodar was based on two criteria: the height 
above which the acoustic backscatter intensity (which is assumed proportional to the turbulence intensity) falls 
below a given threshold (H1) and the height of (secondary) maxima in the acoustic backscatter intensity, which 
gives the height of a surface-based or the first lifted inversion (H2).  
 
3.   RESULTS AND DISCUSSION 
 
In Figure 1, a comparison between the diurnal variation of the PBL produced by the MM5 model with the various 
PBL approaches is presented together with measurements for four selected days, 18-19 May 2003 and 8-9 
December 2003, at the Frankendorf and Fürstenfeldbruck stations.  
During the spring days, a west wind flow was calculated (~6 m/s on 18 May 2003 and ~4 m/s on 19 May 2003), 
resulting in high MLH values during both days (Fig. 1a). There is no diurnal variation of the measurements at 
Frankendorf while strong fluctuation exists (Fig. 1a). According to Emeis and Schäfer (2006), the top of the 
residual layer is in about the same height as the CBL during daytime. The ceilometer frequently does not "see" 
very low temperature inversions (up to about 200 m agl), but tends to follow the top of the residual layer. 
Therefore, during daytime the MLH should be calculated by the height where the diffusion coefficient profiles get 
their minimum value and not by the PBL produced directly by the model. Indeed, during daytime, the MLH as 
calculated by the diffusion coefficients profile, by the non local MRF-urban and Pleim-Xiu schemes, is in 
accordance with the measurements (not shown). During the night, almost all the schemes fail to produce 
reasonable diffusion coefficients values and consequently MLH values, expect for the MRF and MRF-urban 
schemes. In particular, there is an increase in the calculated diffusion coefficient profile at 1400 m agl (not 
shown), which shows a remaining mechanical turbulence and is in accordance with the ceilometer 
measurements, given that, as already mentioned, the ceilometer shows the top of the residual layer.  
There are no measurements available around noon at the Fürstenfeldbruck site during the spring days (Fig. 1b) 
because the MLH was out of the range for the Sodar (>1200 m agl), so the ceilometer values could be used as 
‘substitude’. In this case the MRF-urban MLH calculated by the diffusion coefficients profile is in a better 
accordance with the measurements compared to the other schemes (not shown). During the night, the MLH 
calculated from the height where the diffusion coefficients profiles get their maximum value by the MRF and MRF-
urban schemes is in accordance with the Sodar H1 measurements, which reflect the turbulence height. On 19 
May 2003 the measurements during the first night hours are higher (~700 m agl) compared to the measurements 
of the same hours of the previous day, although the calculated wind is lower and the potential temperature 
stability more profound. It should be mentioned that at this station, although it is characterized as urban (70 %), 
no unstable layer near the surface was calculated during the night, as in the Athens case (Dandou et al., 2005; 
Tombrou et al., 2006). This could be attributed to the fact that the extension of the urban area, less than 50 km2, 
is quite smaller than the nearby city of Munich.  
Weak turbulence was calculated during a foehn case in winter. In particular, on 8 December 2003 calm conditions 
prevailed, while on 9 December 2003 a weak eastern wind flow (~3 m/s) was calculated. During the day, the 
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calculated MLH at Frankendorf is generally lower than the measured (Fig. 1c), which is expected since the 
measurements depict the remaining aerosol pollution. During the night, the calculated mechanical turbulence at 
Frankendorf is very low (diff. coeff. < 1 m2/s) during both days, so, the MLH can be derived from the height of the 
maximum value of the wind speed profile (e.g. ~220 m agl at 3:00 LST), which is in accordance with the 
measured values. For some hours in the afternoon the foehn inversion broke and the Sodar MLH detecting 
algorithm did not find a lifted inversion. The flow above the foehn inversion is turbulent, thus, H1 may be 
considerably higher than H2 at Fürstenfeldbruck station (Fig. 1d). During the day, a lifted inversion is calculated 
(not presented), which is in agreement with the H2 measurements that, as already mentioned, refer to the 
surface-based or the first lifted inversion. The turbulence is also very low during the night at this site, so the 
calculated MLH can be derived from the maximum wind speed as calculated by the MRF-urban and the Gayno-
Seaman scheme, which is in accordance with the measurements (not shown).  
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Figure 1: The diurnal variation of MLH as measured by the ceilometer at Frankendorf site (white circles) and the 
Sodar (black and white diamonds) at Fürstenfeldbruck site and as calculated by the different PBL schemes of the 
MM5 model (solid lines) on 18th-19th May 2003 (a, b) and on 8th-9th December 2003 (c, d). 
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Abstract 
 
This paper presents a procedure for ventilation conditions study in the city of Belo Horizonte, Brazil, dealing with 
the mesoclimatic scale. The study compares two methods: computational interpolation of data from local weather 
stations and physical simulation of a scaled model in a wind tunnel. The results show a generic view of mean 
wind conditions in Belo Horizonte city and the relief form influence determining areas not well ventilated. 
 
Key words: urban ventilation, urban planning, environmental comfort 
 
 
1. INTRODUCTION  
 
Urban ventilation is one of the main climate variables affected by the growth of cities in tropical areas. The density 
and configuration of urban areas are responsible for changes in direction and wind speed, often causing 
situations of thermal discomfort and bad quality of air. Ventilation in urban areas contributes with evacuation of 
heat produced by buildings and human activities in addition to spread the air pollution. 
 
The distribution and characteristics of the wind over a region are determined by several global and local factors as 
the seasonal global distribution of air pressure, the rotation of the earth, daily variations of temperature and the 
topography of the given region and its surroundings (Givoni, 1976). So, the winds condition study has to approach 
these scales to show global effects until local differences in air flow. 
 
In local scale (1), topography is an important element that changes mainly the predominant wind paths in specific 
areas. In general, the major roughness of the urban area cause speed reduction and aerodynamic effects restricts 
to specific regions due to higher wind friction with construction surfaces. Consequently, the thermal conversion 
becomes prejudiced and temperatures in urban spaces can increase (Oke, 1981; silva, 1999). Most of Brazilian 
cities are situated in tropical latitudes where the effects of high excess temperatures in urban areas become 
greater due to irregular occupation and increased emission of pollutants. In the city of Belo Horizonte, high level 
of temperature and local wind patterns are accentuated by illegal occupation of valleys and hillsides, rivers 
drainage systems and poor distribution of green spaces. 
 
In Belo Horizonte city rough relief is a feature of the landscape. Therefore a study had been made to show the 
topographical influence on regional mean wind conditions since the relief suffers few changes during the years 
and its effects can be previewed and applied in urban planning decisions. This paper presents a comparison 
between two different methods applied to investigate natural air flow in the city. Studies on vulnerable areas with 
low ventilation conditions are scarce in the city of Belo Horizonte so this research is important for planning 
purposes. 
 
2. BELO HORIZONTE CITY: THE STUDY AREA   
 
Belo Horizonte is located at 19º55’ South latitude, 43º56’ West longitude and at a mean altitude of 875 meters 
(Figure 1). The regional climate is considered as tropical of altitude however climatic classifications indicate a 
local changing to a warmer and drier condition (Aw, according to Köppen classification). This indicates a possible 
urbanization influence on the local climate (Assis, 1990). The annual average temperature is 21.1ºC and the 
maximum and minimum averages are 27.1ºC and 16.7ºC respectively (Brasil,1992).  
 
The city major altitudes are located on the Southern and Southeast of the town because of the Serra do Curral (a 
local mountain). The maximum altitude is approximately 1.480 meters. The Western side also presents high 
altitudes that reach 970 meters. The North portion of the town presents smooth topography and altitudes are 
between 675 and 850 meters.  

                                                 
* Corresponding author address: Daniele G. Ferreira, Architect, 116 Tres de Maio Street, 30642-180 Belo 
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Figure 1: Topographical map of Belo Horizonte city. (After Ferreira, 2004) 

 
3. METHODOLOGY  
 
The methodology used in this work contains two main phases: computational interpolation of data from local 
meteorological stations and physical simulation of a scaled model. The first phase included database of wind 
speed and direction from thirteen fixed meteorological stations located in Belo Horizonte and in its surroundings – 
four stations are placed in the city (Figure 2). It was important to feature surrounding areas due to physical 
barriers that influence winds conditions, direction and speed. These are from 1998 and 2001 and were used to 
calculate montlhy averages of four years. The meteorological stations have different ways to register data: some 
of then use the hourly series and others register information by daily or monthly means. To equalize the datum 
collection, it was applied the treatment method used by the standard stations in Brazil, which gives the 
climatological data based on World Meteorological Organization (WMO) technical regulations (Brasil, 1992). They 
were statistically analyzed to represent an annual mean wind variation and plotted on a topographical map of the 
city using a surface mapping software.  
 

 
Figure 2: Fixed Meteorological Stations located in Belo Horizonte and surroundings. (After Ferreira, 2004) 

 
The second phase was a qualitative physical simulation of a topographical city model in a wind tunnel. The model 
was made with a scale of 1:40.000. Topography was represented by cork blades over a plane wood support 
measuring 90x70x1 cm. The model was tested in a boundary layer wind tunnel using the sand erosion method 
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representing the dominant winds condition. In different moments of the experiment were made photographic 
registers to analyze the effects of the wind speed variation. The results showed the influence of local topography 
on air flow and indicate bad ventilated areas in the city. Physical model tests validated the computational 
simulation hypothesis.  
 

  

 
 
 
 

Figure 5: Boundary Layer  
Wind Tunnel – IPT Laboratories 

(After Ferreira, 2004) 

Figure 3: Physical model  
(After Ferreira, 2004) 

Figure 4: Experiment assembling 
(After Ferreira, 2004) 

 

 
4. RESULTS AND CONCLUSIONS 
 
Results show a generic view of mean wind conditions in Belo Horizonte city and the areas with bad natural 
ventilation. In the first phase of study, vector map showed predominant wind direction and speed variation in the 
analyzed area (Figure 6). The dominant direction expressed in the results was the East. Major speeds were sited 
in Northern and Central areas which had mean winds of even 2,8 m/s. In these areas, the relief is smoothness 
than in the Southern. this means that wind can flow easier than in mountainous regions. The Southern and 
Southeastern regions of the town exhibited the lowest wind speed which reach less than 1,5 m/s. Probably, the 
mountain range (Serra do Curral) acts mainly as a barrier to change wind speeds and direction. The direction of 
wind in the extreme Southern of the city was also modified to the Northeast.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Speed 
(m/s) 

 
 
 
 

 
 N 

 

 

 N 

 
Figure 6: Mean wind conditions – period  
from 1998 to 2001. (After Ferreira, 2004) 

Figure 7 – Neighborhood map with bad  
ventilated areas. (After Ferreira, 2004) 
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Physical simulation in a boundary layer wind tunnel pointed out the air flow trends validating computational 
hypothesis. Besides, it showed areas which have bad natural ventilation conditions. They are on the lee side of 
mountainous obstructions and shows the topographical influence in wind conditions. The higher was an 
obstruction, the bigger was the bad ventilated wind area. Southern region was the place which had the most 
areas in bad ventilation conditions due to irregular relief. In the computational simulation the less wind speed 
occured in this area. 
 
To translate the results acquired in physical simulation to a useful map that could be understood by urban 
planners and designers, a cartographic representation was done using the photo took after the end of the wind 
tunnel experiment (Figure 7). First, the picture was treated in an image-editing software to make a layer of areas 
which gathered sand during the test. Then this image was overlayed on a map of the city neighborhoods. Based 
on these results, it is possible to study specific places which might be not properly ventilated. 
 
As a conclusion, it is important to attest the study relevance. The methods used in this study are complementary. 
Computational simulation gives support to physical simulation since it demonstrates the dominant wind conditions 
which are an essential data to test the scaled model. In the other hand, physical simulation validates 
computational method.  
 
In this study, the physical model had a problem with its scale in correspondence with the wind tunnel parameters. 
So it was not possible to extract numerical data and then wind tunnel tests were only qualitative. However the 
results could be applied in urban planning indicating areas which should be protected by urban legislation against 
a strong urban development. In the same way, computational simulation provides aid to urban planning showing 
the main paths and directions of wind. These results point out places which should be preserved due to their 
importance as wind approach in the city.  
 
This kind of research may not only contributes to a better understanding of wind paths in the city site but mainly it 
may be used to improve the land use laws having in sight to preserve good ventilation conditions. Acknowledging 
areas well and bad ventilated in urban spaces could assist on streets orientation design, building orientation 
establishment and distribution of green areas, tools which contributes to a better quality of life in cities. 
 
(1) Climate scale classification defined by Monteiro (1976), according to Cailleux and Tricart. 
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Abstract 

 

The regional boundary layer numerical model (RBLM) developed by Nanjing University is used in this paper to 

investigate the effects of the inhomogeneity of urban anthropogenic heat sources on the exchanges of energy and 

substance between surface and atmospheric system and its impacts on urban boundary layer structures.  To study 

the anthropogenic heat affecting the urban boundary layer structures, Nanjing and Hangzhou are taken as the 

examples.  A new anthropogenic heat source scheme is developed in the RBLM. 

Numerical simulation results show, based on the anthropogenic heat emission inventory of Nanjing in 2002, the 

contribution of the anthropogenic heat to urban heat island (UHI) is 29.6%.  When the anthropogenic heat emission 

doubles, the contribution reaches 42.9%. 

 

Keywords: Anthropogenic heat, Urban boundary layer, Numerical simulation 

 

 

1. INTRODUCTION 

For a numerical model trying to simulate dynamical and thermodynamical distributions in the surface, the key is to 

simulate the surface energy balance and surface heat flux.  Best (2005) introduced an urban surface energy 

balance parameterization scheme into the numerical weather prediction model of the U.K. Meteorological Office.  

Although the prediction results were improved, the errors still existed to a certain extent, of which he thought the 

main reason was that anthropogenic heat was not taken into account.  Fan et al. (2005) introduced anthropogenic 

heat into two boundary layer parameterization schemes for MM5.  The simulation cases in the winter and summer 

were improved both, which indicated the important influences of anthropogenic heat on urban thermodynamical 

environment.  Li et al. (2003) introduced a canopy parameterization scheme, in which urban anthropogenic heat 

was taken into account, into MM5, and they thought the simulation results were improved significantly.  These 

researches proved that the introduction of anthropogenic heat into numerical model is so necessary to improving 

the performance of the model. 

In the previous researches, anthropogenic heat was usually introduced into the surface energy balance equation.  

Later Brown et al. (1998), Taha (1999), Ca et al. (1999) directly introduced anthropogenic heat into the energy 

conservation equation of atmosphere, as they thought the anthropogenic heat was directly emitted into the 

atmosphere.  Urano (1999) considered the anthropogenic heat sources varying with the height and introduced 

them into the surface energy balance equation and atmospheric heat conservation equation respectively, according 

to their heights and distributions.  In short, how to introduce anthropogenic heat into numerical model has not been 

concluded yet and it is still necessary to discuss and study on it. 

In this paper, the research works are as follows:  Four introduction schemes of anthropogenic heat source are 

studied with the numerical experiments in the urban areas of Nanjing and Hangzhou by the NJU-RBLM (Nanjing 
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University-Regional Boundary Layer Model).  The simulation results are examined and compared, and an optimal 

introduction scheme is selected.  On the basis of the above work, a sensitivity experiment is carried out in the 

Nanjing area, analyzing the influences of the anthropogenic heat inventory changes on the boundary layer 

structures and urban heat island. 

 

2. THE INTRODUCTION SCHEME OF THE ANTHROPOGENIC HEAT SOURCES 

2.1. Numerical experiment scheme 

In order to compare and make the conclusions, the same introduction schemes of the anthropogenic heat source 

are used in the numerical experiments for the two urban areas.  Their details are the following: 

(1) The anthropogenic heat sources do not have temporal variations.  They are added into the surface energy 

balance equation; 

(2) The anthropogenic heat sources do not have temporal variations.  They are added into the surface energy 

balance equation and atmospheric heat conservation equation according to proportions.  The proportion values 

are based on the ratio of the total anthropogenic heat sources to the civil anthropogenic heat sources, i.e. the civil 

anthropogenic heat sources only heat the ground surface, while the transportation and industrial anthropogenic 

heat sources heat the first layer of the atmosphere; 

(3) The anthropogenic heat sources have temporal and spatial variations.  They are added into the surface energy 

balance equation; 

(4) The anthropogenic heat sources have temporal and spatial variations.  They are added into the surface energy 

balance equation and atmospheric heat conservation equation according to proportions.  The proportion values 

are determined with the same method as in the scheme 2). 

In order to be convenient, in the discussions later in this paper, the numerical experiments in Hangzhou are 

numbered as HZ1, HZ2, HZ3 and HZ4 respectively, according to the introduction schemes number.  Similarly, the 

numerical experiments in Nanjing are numbered NJ1, NJ2, NJ3 and NJ4. 

2.2. Numerical experiments and analyses 

In the NJU-RBLM model, the anthropogenic heat source terms are added into the prognostic equations of ground 

surface temperature and air temperature. 

In the numerical experiments for the winter, the simulation area is 100km×100km centered in the Hangzhou City.  

The central longitude and latitude are 120.215° E an d 30.226° N respectively.  The grid spacing is 1km.   The 

model is integrated for 24 hours from 0800 (LST), December 17 through 0800 (LST), December 18, 1998. 

In the numerical experiments for the summer, the simulation area is 50km×50km centered in the Nanjing City.  The 

central longitude and latitude are 118.780° E and 3 2.019° N respectively.  The grid spacing is 1km.  T he model is 

integrated for 24 hours from 0000 (LST) through 2400 (LST), July 12, 2002. 

2.3. Test of the new scheme 

From the comparisons between the simulated results and surface and remote sensing observation data in the 

Hangzhou and Nanjing area, the conclusion can be drawn that the scheme 4 is optimal among all the 4 

anthropogenic heat source introduction schemes. 

 

3. THE IMPACT OF THE ANTHROPOGENIC HEAT CHANGES ON THE BOUNDARY LAYER STRUCTURES 

3.1. The sensitivity experiments on the anthropogenic heat changes 

Based on the above conclusion, the sensitivity experiments on the anthropogenic heat values in Nanjing area are 

carried out, so as to study the following issues: (A) the contribution of the anthropogenic heat to the urban heat 

island; (B) the impact of the anthropogenic heat on the urban boundary layer structures. 
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The sensitivity experiments in this paper are designed as the following: 

(1) The anthropogenic heat is not taken into account in the simulation in Nanjing area; 

(2) The anthropogenic heat sources in Nanjing in 2002 are introduced into the simulation with the scheme 4; 

(3) The anthropogenic heat sources in Nanjing in 2002 are doubled and then introduced into the simulation with the 

scheme 4.  The mean value of the anthropogenic heat fluxes is 80 W/m2, and the diurnal variation range is 40 ~ 120 

W/m2. 

The above three experiments are named as Eg1, Eg2 and Eg3 respectively. 

3.2. Analysis on the simulation results 

(1) The impact of the anthropogenic heat on the urban heat island 

Two sites are selected for the urban and rural area respectively.  In the urban area the anthropogenic heat sources 

are introduced, while there are no anthropogenic heat sources in the rural area.  The air temperature differences 

between the urban and rural area are calculated in the three sensitivity experiments.  Then the differences in Eg2 

and Eg3 are compared to the values in Eg1 and their relative changes are calculated, which are thought to result 

from the anthropogenic heat sources, thus the diurnal variation curve of the contribution of the anthropogenic heat 

sources to the urban heat island intensity can be computed and obtained as Fig.1.  It can be found by averaging the 

results in Fig.1 that the contribution of the current anthropogenic heat sources in Nanjing to the urban heat island 

effect is 29.6 %, while the contribution can reach 42.9 % after the anthropogenic heat fluxes are doubled. 
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Fig.1                              Fig.2 (a)                        Fig.2 (b) 

Fig.1 The numerical simulation results on the contribution of the anthropogenic heat to the urban heat island (AHS: 

Anthropogenic Heat Sources) 

Fig.2 The potential temperature profile in the urban area in the morning 

(2) The impact of the anthropogenic heat sources on the boundary layer structures 

Fig.2 is the potential temperature profile in the urban area at (a) 0700 and (b) 0900 LST.  Without the anthropogenic 

heat sources, the surface layer is stably stratified at 0700 and changes into unstable stratification at 0900.  With the 

current anthropogenic heat sources, at 0700 the air temperature in the surface layer increases, and the stability 

decreases and becomes unstable at 0900.  With the double anthropogenic heat sources, at 0700 the air 

temperature in the surface layer increases more and the stratification has already become unstable. 

 

4. CONCLUSIONS 

Through the tests on the introduction schemes of the anthropogenic heat sources with the NJU-RBLM numerical 

model, it is concluded that the anthropogenic heat sources are an important factor that cannot be ignored in the 

numerical simulation on the urban meteorological environment.  Introducing the anthropogenic heat sources into 

the surface energy balance equation and the atmospheric heat conservation equation respectively according to 
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some certain proportions is the optimal scheme in the simulations. 

The boundary layer structures vary with the anthropogenic heat fluxes.  For example, the anthropogenic heat 

sources have impact on the outgrowth and range of the urban heat island circulation and the urban heat island 

intensity.  Larger the anthropogenic heat fluxes are, larger the vertical and horizontal ranges of the impact are.  

The contribution of the anthropogenic heat sources to the urban heat island intensity is strongest in the night and 

noon.  The mean contribution in a total day is 29.6%.  If the current anthropogenic heat fluxes are doubled, the 

contribution reaches 42.9%.  The contribution in Hangzhou is similar to the case in Nanjing.  The anthropogenic 

heat sources have impact on the variation of the boundary layer structures in the morning.  It destroys the inversion 

in the surface layer and makes the stratification become unstable earlier.  The anthropogenic heat sources make 

the air temperature in the surface layer increase significantly, which increases by 0.5—1.0� in the center of the 

urban area.  The anthropogenic heat sources have little impact on the variation of the turbulent kinetic energy in the 

upper level, but the case is on the contrary in the daylight. 

The introduction of the anthropogenic heat sources has impact on the simulation of the components in the surface 

energy balance.  It changes the computations of the water vapor, substance and energy fluxes, thus influences the 

simulations on the boundary layer structures and air pollution in the surface layer.  Therefore it is necessary to 

control the total amount of the anthropogenic heat sources, especially, to improve the transportation heat emission 

and energy transformation efficiency. 
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Abstract 
 
The validation of Monin-Obukhov similarity theory and Kolmogorov’s theory for turbulence spectrum was studied 
at urban site with the aid of tower measurements in Helsinki. The logarithmic wind profile gave reasonable results 
for displacement height and roughness parameter (3-6 m and 2 m, respectively) only in directions where no 
massive buildings exist. This and the normalized standard deviations of wind components and temperature imply 
that the MOS-theory does not apply downstream from tall buildings but it is valid in other directions. In all wind 
directions turbulence spectra obeyed Kolmogorov’s theory well in the case of wind u-component and temperature. 
The slope at inertial subrange was expected -2/3. In the case of vertical and transverse velocities, the slopes 
were less steep than the theory predicts.  
 
 
Key words: Turbulence, logarithmic wind profile, turbulence spectra 
 
 
1. INTRODUCTION  
 
In urban areas the structure of atmospheric boundary layer differs from those above natural environments. The 
main reasons for this are enhanced mechanical turbulence production due to large roughness elements and the 
heat island effect. Urban environments are typically very heterogeneous. Thus the basic boundary layer theories 
such as Monin-Obukhov similarity theory (MOS-theory) do not necessarily apply. Bowne and Ball (1970) found 
the MOS-theory to be valid over the urban environment of their studies. The aim of this study is to survey how it 
applies in our measurement site in Helsinki. Besides MOS-theory also Kolmogorov’s theory for turbulence 
spectrum is studied.  
 
 
2. MEASUREMENT SITE AND METHODS 
 
A 31 m high tower was established in autumn 2004 (60°95’ N, 24°96’ E) as a part of urban measuring stat ion 
SMEAR III (Station for Measuring Ecosystem – Atmosphere relationships). Measurements are conducted in four 
levels where horizontal wind speed, wind direction and temperature are measured with 2-dimensional ultrasonic 
anemometer (Adolf Thies GmbH, Göttingen, Germany). In upper level measurements are also made with 3-
dimensional anemometer (Metek USA-1, Metek GmbH, Germany). The turbulent fluxes and turbulence statistics 
were calculated using 2-dimensional co-ordinate rotation and averaged over 30 min period using standard 
methods (e.g. Aubinet et al. 2000). We present results from time period of 27.5 - 3.10.2005.  
 
The surrounding area of the tower is very heterogeneous consisting of buildings, forest, parking lots and roads. 
The approximate land use as a function of wind speed is presented in table 1. 
 

Table 1: The land use around measuring tower 
 

Land use Wind direction (°) 

Buildings (average height = 22m) 0 - 35 

Parking lot 35- 55 

Buildings, forest, big road 55 - 105 

Rock and forest 105 - 320 

Buildings 320 - 360 

 
 
3. RESULTS 
 
Displacement height d and roughness parameter z0 were calculated as a function of wind direction by means of 
logarithmic wind profile. The results are presented in fig. 1 and fig. 2, respectively. In directions (320 - 35°) 
containing mainly buildings with average height of 22 m we obtained negative values for displacement height and 
very large values for roughness parameter. This suggests that logarithmic wind law is not valid in those directions. 
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The probable cause for this is that some measurement levels are inside the roughness sublayer. In other 
directions the values for both d and z0 were reasonable and displacement height varied between 3 and 6 m and 
roughness parameter was about 2 m. These values correspond to the summer time, when trees have leaves. 
 
In addition the potential temperature profile was examined and sensible heat fluxes were calculated from that. 
Those fluxes were compared to sensible heat fluxes determined by eddy covariance method. Both methods gave 
similar results but the profile method slightly underestimated fluxes. Our results of both logarithmic wind and 
potential temperature profiles imply that the MOS-theory applies well in directions where no buildings are located 
close to the measurement mast. In other directions the MOS-theory should not be used.   

 
 

Figure 1: The mean displacement height d and its standard deviation σd as a function of wind direction. 
 

 
 
Figure 2: The mean roughness parameter z0 and its standard deviation σz0 as a function of wind direction. 

 
 

The standard deviations of the wind components and temperature were calculated and normalized with friction 
velocity and scaling temperature, respectively, and plotted against atmospheric stability. The study includes only 
unstable situations. Standard deviations were determinate for two wind sectors, 330 - 70° and 180 – 270 °, which 
represents two very different land uses (table 1). The vertical wind component w and temperature obeyed well 
with the MOS-theory in both directions. The horizontal v-component obeyed the theory in both directions but the 
u-component only in direction were no buildings exists. The fig. 3 shows the normalized standard deviation of the 
u-component in direction of tall buildings. As a comparison, fittings for another urban area (Roth, 2000) and rural 
area (De Bruin, 1993) are also plotted. The straight line is the 1/3 slope predicted by MOS-theory in the unstable 
stability range. The u-component is averagely constant on the studied stability range and does not follow the 
theory. The normalized standard deviations of all wind components are largest in rural area. This is due to the 
larger friction velocity values in urban areas (Roth and Oke, 1995).   
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Figure 3: The standard deviation of wind u-component normalized with friction velocity *u  as a function of 

atmospheric stability. Values are for wind direction 330 – 70° and only unstable cases are included. T he solid line 
represented the 1/3 slope predicted by the MOS-theory, dotted line is fitting made by Roth (2000) for urban area 
and dot-dash line is fitting for rural area by De Bruin et al. (1993). 
 
 
The turbulence spectra and co-spectra for all wind components and temperature were studied under two different 
wind direction, south-west (3.6.2005) and north (16.6.2005). The power spectra of the wind components on the 
latter case are presented in fig. 4. The spectral coefficients were calculated from two and a half hour data (11:30 - 
14:00 local time) and during that the wind speed and direction were 1.8 m/s and 358 - 2° and Obukhov l ength was 
-101 m. This wind direction correspond with direction were tall buildings exists and negative values for 
displacement height were observed. Also the power law f-2/3 predicted by Kolmogorov’s theory at the inertial 
subrange is plotted. The peak of fSu shows a bimodal pattern. The low-frequency part 0.001 Hz correspond peak 
that was also observed in directions where no buildings exists. A high frequency part of the peak 0.005 – 0-01 Hz 
is probably due to the buildings wake effects which generates turbulent energy into smaller eddies (Roth, 2000). 
The peak of the vertical wind spectrum is shifted towards higher frequencies. This is because ground covered by 
roughness elements act as a limit for vertical vortices and thus decreases their vertical dimensions (Constantin et 
al., 1999). At the inertial subrange u-component spectrum follows the Kolmogorov’s power law well but the slope 
was less steep in the case of the other wind components. Same kind of effect occurs in forest sub-canopy and is 
due to the wake effects leading to spectral shortcut (Kaimal and Finnigan, 1994).  
 
In the south-west case the wind direction was 203-227°. The peak of u-spectrum was observed at frequency 
0.001 Hz. The shifting of vertical wind spectrums peak into higher frequencies was also observed and only w-
component did not follow the -2/3 power law at the inertial sub-range. The power spectra of temperature and co-
spectra followed the Kolmogorov’ theory closely in both cases. 
 

 
 

Figure 4: Turbulence spectra, local time 11:30-14:00 on 16.6.2005, mean wind speed 1.8 m/s, wind direction 358 
-2° and Obukhov length -101 m. Sx is the spectral density and σx is the standard deviation of quantity x. The 
straight line f-2/3 is the power law predicted by Kolmogorov’ theory. 
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4. CONCLUSIONS 
 
The purpose of this study was to examine how well the basic theories, MOS-theory and Kolmogorov’s theory for 
turbulence spectrum, apply in very heterogeneous urban environment. Measurements were made at 31 m high 
tower in Helsinki, Finland. The measuring tower is located on a hill and the surroundings of the tower are very 
heterogeneous. 
 
The logarithmic wind profile and potential temperature profile gave reasonable results for displacement height d 
and roughness parameter z0 except in directions where high buildings exist. In addition the study of normalized 
standard deviations revealed that vertical component and temperature follow MOS-theory well but the horizontal 
wind components do not. These results agree with earlier results which have shown that the horizontal wind 
components do not follow the theory because of the effect of large eddies (Van Den Hurk and De Bruin, 1995). 
This implies that the MOS - theory can be used to describe boundary layer properties at our site with good 
accuracy in directions where no buildings exist. This is due to the measuring levels which are lower than the 
surrounding buildings. 
 
Turbulence spectra showed similar behaviour as has been observed also in other urban and forest environments 
(e.g. Roth, 2000; Constantin et al., 1999). The spectral peak of the w-component was shifted to higher 
frequencies in both studied wind sectors and in both cases the u-component and temperature obeyed -2/3 power 
law in the inertial subrange. The slope of the w-spectrum was less steep in all directions as well as the slope of 
the v-spectrum in the direction of buildings.  
 
In the future it is important to identify the source areas of flux measurements, because the surroundings of the 
measuring tower are very heterogeneous and sources are distributed very irregularly. For this reason we have 
started to develop an urban boundary layer model SCADIS, which was initially developed to calculate physical 
processes inside vegetation and in the boundary layer (Sogachev et al., 2002). It can be used to calculate source 
areas of the fluxes over heterogeneously distributed vegetation as well as over urban areas with complex 
topography. 
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Abstract 
 
Preliminary results of ground-based acoustical remote sounding of wind field in the atmospheric boundary layer 
over megapolis Moscow are presented. Uninterrupted automated measurements have been continuing since April 
2005 at two measuring sites: in the downtown and in the south-west district of the city. The equipment parameters 
and methodic of the noisy signals discarding are described.  
 
Key words: atmospheric boundary layer, Doppler sodar, urban wind field  
 
 
1. INTRODUCTION  
 
Acoustic remote sensing is one of the best means to study the urban boundary layer (UBL). The operation of 
acoustic sounder (sodar) is based on the phenomenon of sound wave scattering by small-scales turbulent 
irregularities of temperature. These irregularities are dragged by the air flow, and serve as the natural moving 
targets for Doppler measurements of wind velocity. The power level of the sodar echo-signals allows the time-
height course of turbulence intensity to be derived, and visualized at echograms. Nowadays acoustic sounding 
become customary for wind measurements in the lower part of the troposphere [1,2]. However, in large cities the 
conditions for sodar operation are not always favorable, because the traffic noise disturbs the sodar echo-signal 
and restricts the height range of sounding. For instance, commercial sodar AeroVironment- 3000 working in 
American city Hoboken reached only about 100 m of height, and sodar Sintec MFAS could not operate in the 
downtown in all [3]. To reduce the traffic noise interference the sodars are usually situated either in a public green 
space or in city outskirts, where wind field is not representative for the centre of urban heat island.  
In this paper a positive experience of continual sodar operation in the noisy Moscow conditions is described, 
where two sodar measuring sites are located close to high streets with intensive traffic.  
 

             
 
Fig. 1. The antenna systems of the sodar Latan-3 at two Moscow measuring sites: on the roof of the IAPh building 
(below) and on the roof of Physical Faculty of MSU (right).  
 

                                                 
1 Corresponding author address: Margarita A. Kallistratova, Obukhov Institute of Atmospheric Physics, Russian Academy of Sciences, 
Pyzhevskii 3, 119017, Moscow, Russia; e-mail: margo@ifaran.ru  
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2. MEASURING SITES AND EQUIPMENT 
 
Two Latan-3 sodars developed in the Obukhov Institute of Atmospheric Physics (IAPh), Russian Academy of 
Sciences, have been operating since April 2005 at two measuring sites: at the IAPh building in the downtown and 
at Moscow State University (MSU) in the Moscow south-west district. The measuring sites are situated 9 km 
apart, in the middle of urban quarters close to noisy trafficways.  
Doppler sodars LATAN-3 designed in the IAPh were used for the measurements. Sodar LATAN-3 is a PC-based 
instrument, and it contains a minimum of electronic modules. The processing program provides an effective 
reducing of the influence of ambient acoustical noises, and screening of echo-signals strongly distorted by noises 
as well. Description of the sodar hardware can be found in [4]. For the measurements described the sodar uses 
1700 Hz carrying frequency, 20 m vertical resolution and 520m maximal sounding range.  
 
3. SCREENING OF NOISY SIGNALS AND PRELIMINARY RESULTS OF THE SOUNDING 
 
Outdoor acoustical noise reduses the heit range of sounding, and could skew its results as well. At the UBL 
sounding the right selection of the screening criterrium is very important. Optimum criterion is unknown appriory, 
so a natural testing was carried out. Five criterions corresponding to SNR equal to 0.3, 0.6, 1.0, 1.5, and 2.2 were 
tested. Influence of the criterion selected on the magnitude of the averaged values measured is shown in Figure 2 
for 60-min time averaging. Too weak and too rigid requirements lead to wrong magnitude of wind velocity and 
variances of its components. 
 

 
 
Fig. 2. Fragments of wind velocity (a) and the vertical component variance (b) time series at different level of 
screening; MSU, H=100m. 
 
In urban environment the level of traffic noises depends highly on a day of week; so the percentage of successful 
sounding (at the optimal criterion No 2 used) is different for working days and holidays. It is seen from Figure 3 
that statistical validity of data on velocity declines till 20% in rush hours of working days. However, even 20% of 
measuring time gives a reliable estimate of the velocity averaged for 30-60 min, since wind velocity is 
uncorrelated with traffic noise.  
 

 
 
Fig. 3. Statistical significance of the wind velocity measurements at the MSU measuring site. Averaging time -60 
min.  
 
The sounding height range also depends (apart from the traffic noise) on the height distribution of the 
intensity of turbulent inhomogeneities that scatter sound wave. An example of a real distribution of the 
maximum heights in the Moscow measuring sites are shown in Figure. 4. 
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Fig. 4. Distribution of the maximum sounding range in the MSU and IAPh at nights. Black bar – under 
conditions of low-level surface inversions; gray bars– under slightly stable thermal stratification of the UBL. 

 

Fragments of time series of vertical component of velocity w and its STD (σw
2)1/2 are shown in Figure 5. Vertical 

velocity oscillates near zero on average. However, in working days a small positive value of w was obtained. This 
artifact It caused by the screening procedure, which discards descending air motions that are correlated with 
weak echo-signal. So, the measurements of w in the UBL should be treated carefully. The data on w variance, on 
contrary, are reliable enough, since the screening procedure discards only the smallest motions, that contribut not 
much to variance. The vertical speed variance had a large diurnal variation, increasing in 4-5 times under 
convection. On average, its magnitude in the downtown was 1.5 times bigger than in the district. 
 

 
 

Fig. 5. Time series of w and (σw
2)1/2  at MSU and IAPh. Gray color corresponds to holidays, when the traffic noise 

was weaker. 
 
In Figure 6 an example of the screening of sodar echogram is presented.  
 

 
 
Fig. 6. Screening of sodar echogram from noises Top: primary data; bottom: refined echo-signal.  
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An example of acoustic sounding of wind and turbulence at 20 January 2006 over the Moscow downtown by 
sodar LATAN-3 is shown in Fig. 4.  

 

 
 

Fig. 7. A night fragment of echogram, and V and σw
2
 profiles over the Moscow downtown, 20 Jan 2006 under 

strong frost: temperature near ground was  -29° C. Time averaging of the profiles is 30 min.  
 
5. CONCLUSION 
 
The use of sodar LATAN-3 that provides a good suppression of ambient noise interference allows the successful 
measurements of wind velocity profiles in the UBL. Preliminary statistic results of the acoustic sounding over 
Moscow confirm the known basic particularities of the UBL: mixing layer thickness and variance of vertical speed 
are enlarged, and horizontal speed is reduced in the downtown in comparison with the periphery.  
The sodar continual data show a strong variability of the wind velocity profiles difference between two Moscow 
measuring sites, which depends on atmospheric stratification.  
 
The work was supported by Russian Fund of Basic Researches though grants 04-05-64167 and 05-05-64786. 
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Abstract 
 
Because of modification of recent land use due to urbanization and increase in the artificial waste heat, inner city climate 
changes, such as heat islands are becoming more remarkable. Temperature increases in these heat islands can be 
uncomfortable in the summertime. It has been indicated that the effect is caused by various forces such as an increase in air 
conditioning energy consumption and an increase in photochemical oxidants in the summertime. The passive utilization of 
natural energy such as green land and sea breeze seems to be adequate for improving the thermal environment. 
Our measurements were carried out in summertime of 2004 and 2005.Measurements are of 2 types, there were mobile 
observations by the car and mobile observations on foot. The result of the measurement of the city temperature in the 
Hiroshima City indicated a clear change due to the nearby land cover and time change between the calm and sea breeze 
period. Then, the relation between land cover and city temperature was examined using the multiple regression analysis. As a 
result of this analysis, micro-scale was observed in the calm and meso-scale was observed during the sea breeze. 
 
Key words : City Climate, Heat Island, Land and Sea breeze 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure-1.  
 
1Corresponding author address: Tadashi Kiyota, Graduate School of Science and Engineering, Yamaguchi University, 
Tokiwadai 2-16-1, Ube, Yamaguchi, Japan; email: f004hp@yamaguchi-u.ac.jp 
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1. INTRODUCTION 
 

Because of modification of recent land use due to urbanization and an increase in artificial waste heat, inner city climate 
changes, such as heat islands are becoming more remarkable. Recently, the day over 25 degrees increases in Hiroshima at 
the minimum temperature in a day. As fig.1 shows, Because Hiroshima is an inland sea area, the frequency of the land and sea 
breeze frequency is high. The passive utilization of natural energy such as green land and sea breeze seems to be adequate 
for improving the thermal environment. As fig.2 shows, the ratio of buildings is high in the observation area. 

The green belt and the green zone exist in the urban area. This research reviews the relation between the land cover and air 
temperature in the urban area of Hiroshima among calm and sea breeze by observation. 
 
 
2. THE MEASUREMENT OF CITY TEMPERATURE 
 

Our measurements were carried out in the summertime of 10 August 2004. As fig.3 shows, it finds that sea breeze was 
blowing this day. We classified the measurement period two patterns. One is clam period and another is sea breeze period. 
This day was a tropical day with sunshine. The spot number of the measurement of the calm is 232 and the sea breeze is 259. 
Our measurements were carried out on the road. Measurements are 2 types and they are mobile observation by car and 
mobile observations on foot. A mobile observation by car was carried out on the North-South Street. A mobile observation on 
foot was carried out on the East-West Street. These mobile observations measured air temperature near the ground. 
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3. THE MULTIPLE REGRESSION ANALYSIS (PART 1) 
 

Fig. 4 shows the result of multiple regression analysis. The explanatory variable of the multiple regression analysis is the ratio 
of the land cover in the circle centered on each measurement point. The criterion variable of the multiple regression analysis is 
temperature of measurement. Table 1 shows the explanatory variable. As fig.4 shows, it became clear that the multiple 
correlation coefficient produced maximum value at the circle of 250 m radius centered on each measurement point.  
 
 
4. RELATIONSHIP BETWEEN THE LAND COVER AND THE AIR TEMPERATURER 
 

Table 2 shows coefficient of determination showed relationship between air temperature and ratio within the land cover in 
circle of 250 m radius. The ratio of the green shows maximum value 0.08 in the calm period. The ratio of the river shows 
maximum value 0.29 in the sea breeze period. From this result, There is a difference of tendency in the calm period and the in 
the sea breeze period. 
 
 
5. THE INFLUENCE OF THE SEA BREEZE 
 

Fig. 5 shows the relation between the temperature and the distance from the coastline. The correlation coefficient is 0.08 very 
low in the calm period. The other way, the correlation coefficient is 0.38, comparatively high, in the sea breeze period. From this 
result, there is meso-scale influence of sea breeze in the sea breeze period. 
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6. THE MULTIPLE REGRESSION ANALYSIS (PART 2) 
 

Because the influence of the sea breeze is seen in the sea breeze period from chapter 5, we carried out the multiple 
regression analysis, which added distance from the coastline. The explanatory variable is shown in table 3. It was excluded the 
result which the coefficient of determination showed under 0.01 from the explanatory variable (table 2). Table 4 shows the 
standardized partial regression coefficient and the result of significance test. According to this result, it is shown that the land 
cover except the lake is significant in calm period. In calm period, soil and asphalt have the some effect, which raises city 
temperature, because those regression coefficients are positive value. River and green have the some effect, which lowers city 
temperature, because those regression coefficients are negative value. The other way, in sea breeze period, River and the 
distance from the coastline are significant.  
 
 
7. CONCLUSIONS 
 

This research reviewed the relationship between the land cover and air temperature in the urban area of Hiroshima among 
calm and sea breeze by observation. The summary of the result: In the calm period, as fig.6 shows, there is influence of 
micro-scale and the natural land cover has the effect of lowering city temperature. The green of natural land cover has the 
strongest effect. In the sea breeze period, as fig.7 shows, because there is meso-scale influence of sea breeze, it is cool at the 
area near the coastline and also the river where the sea breeze blows 
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WIND FIELD IN AN URBAN SPACE EXPLORED BY DIFFERENT METHODS 
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Abstract 
 
The aim of this study is to examine the effect of streets and surrounding buildings on the wind field in an open 
square.   
 
The immediate surroundings of the square are asymmetrical with respect to different wind directions. Buildings, a 
canal and streets surround the square.  A model of the square and its surroundings was installed in a wind tunnel. 
 
The interactions between the wind and the square with its surroundings were examined systematically in 12 
different directions. Different aspects of the wind field were recorded using a multiple method approach, including 
both qualitative and quantitative methods.  
 
Key words: Wind field, urban space, square, wind tunnel, visualisation, helium filled soap bubbles, sand erosion 
method, point measuring, hot wire technique, mean velocity, turbulence, grid, whole field measuring, particle 
image velocimetry technique (PIV), vector field 
 
1. INTRODUCTION  
 
The wind flow in a built-up area is complex. Wind speed and wind direction varies within meters and seconds, 
which makes the dynamic wind pattern difficult to describe. To measure this random variation in the field is 
difficult and time consuming. Also digital simulations could be problematic because of too many factors that have 
to be taken in account.  
 
In this paper four wind tunnel methods to describe wind conditions are examined. Two of the methods are 
qualitative using sand respectively soap bubbles for visualization. Two of the methods are quantitative, one using 
a hot wire for point measurements and the second a whole field method called Particle Image Velocimetry. The 
methods are applied to a big square, Gustav Adolfs torg, in the center of Göteborg.   
 
1.1. The big square 
 
The test area (figure 1a and 1b) is a large open public space north of a canal.  It is an important public transport 
node and is surrounded by the canal, streets, the town hall and other official buildings. The immediate 
surroundings of the square are therefore asymmetrical with respect to different wind directions. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1a and 1b: The big square and the surroundings.   
 
2. METHOD   
 
2.1. The wind tunnel and the model of the square 
 
The windtunnel is of the closed-circuit type with a maximum wind speed of 22 m/s. In these measurements wind 
speeds between 4 m/s and 16 m/s have been used. The characteristics of the natural wind has been simulated 
with the use of spires in the upstream end of the working section in combination with cubical roughness elements 
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on the tunnel floor (see figure 2a). The simulation gives an simularity to real life looking at the variation of mean 
wind speed and turbulence with height and the power spectra of turbulent velocity fluctuations.  
 
A modell (see figure 2a and 2b) of the big square and the immediate surroundings was built with an undistorted 
scaling (1:200) of the geometry. The model has a diameter of 2.8 meter. 
 
 

   
Figure 2a: The model placed in the wind tunnel. Upstream spires and roughness elements. 
Figure 2b: A close up of the big square in the model. 
 
 
2.2. Visualization using sand erosion method 
 
The sand erosion method is a qualitative, pedagogical method for visualizing the spatial variations of the wind. 
 
In the initial face of the measurements the sand was evenly divided over the whole area of interest. The model 
was photographed from above, starting with one image at no wind. The wind speed was increased in steps from 7 
m/s to 16 m/s. For every new wind speed an image was taken. The same procedure was done in 12 different 
wind directions (15° between each). 
 
2.3. Visualization using soap bubbles 
 
Visualization of the wind field around the square was also done by providing neutral density bubbles. This method 
is also a qualitative, pedagogical method used for looking at details of the wind pattern. The helium filled soap 
bubbles were released upstream the model.  
 
A light sheet was used to observe the soap bubble movements in the region of interest. By using a CCD-camera 
patterns could be detected. Photographs were taken with the model in 12 different wind directions but also 
perpendicular to the square (see figure 3).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: The model of the square and the position of the light sheet.   
 
2.4. Point measuring using hot wire technique 
 
Hot wire technique is a traditional quantitative point measuring method for recording mean velocity and turbulence 
statistics. In order to measure the velocities the hot wire anemometer was traversed in a three-dimensional grid in 
the volume around the square. Measurements were made in 32 points at different heights from the ground for 

Wind direction 
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each of the 12 different wind directions. The relation between the measuring points and the free wind is assumed 
to be the same regardless of the free wind speed. 
 
2.5. Whole field measuring using Particle Image Velocimetry (PIV) 
 
Particle image velocimetry technique is also a quantitative method. But in contrast to the hot wire technique PIV is 
a whole field measuring method. The instantaneous vector field in both horizontal and vertical planes could be 
recorded. 
 
Smoke, contained of small oil drops with a diametre of 1 µm, was released in the air in the wind tunnel. The oil 
drops follows the flow and reflects the light from a laser sheet placed in a cross-section of the flow around the 
square. The light from the laser is pulsed and a CCD camera detects the reflections from the smoke in separate 
image frames. The velocity vectors are derived from the image by measuring the movement of particles between 
the two light pulses. 
 
3. SOME RESULTS 
 
3.1. Visualization using sand erosion method 
 
The sand erosion method gives us information in wich areas of the square we should expect high wind speed at 
different wind directions. We can also get information about any zones of stagnation at the square. The more wind 
the more the sand will be removed. 
 
The patterns of erosion is described by superimposed photos. Each shade of gray refers to a certain reference 
wind speed and time of exposure, from 7 m/s after 4 minutes to 16 m/s after 20 minutes. The black areas within 
the square represent the erosion after 4 minutes, and the areas where the sand remains after 20 minutes are 
white. The results from the measurements made at the wind direction when the big square is least exposed and 
most exposed at the wind are presented at figure 4a and 4b. 
 

 
Figure 4a: Sand erosion when the wind direction is 270° and the Big square is least exposed to the wind.  
Figure 4b: Sand erosion when the wind direction is 210° and the Big square is most exposed to the wind.  
 
The results are further analysed and compared with measurements of the wind speed done in the wind tunnel and 
field measurements on the square (Westerberg et al. 2004). The results indicate a relation between the sand 
erosion contours and the gust speed.  
 
3.2. Visualization using soap bubbles 
 
The soap bubbles are shown as streaks on the images. These streaks give us a good understanding of how the 
wind flow looks like. Especially interesting details of the wind pattern could be investigated in this way. 
 
One interesting pattern is shown in the images taken with the model placed as in figure 3. The wind direction is 
then perpendicular to the square and the wind from above the rooftop drops down to the zero level of the square 
at a certain distance from the buildings, se figure 5.  By measuring on the images the relation L/H seems to be 
between around 4:1 and 5:1. 
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Figure 5: The air drops from the rooftops down to the square at a certain distance from the buildings. 
 
 
3.3. Point measuring using hot wire technique 
 
From the hot wire technique quantitative values of the mean velocity and turbulence statistics were collected in a 
three-dimensional grid and saved together with the x- and y-coordinates. The direction of the wind could not be 
detected in this method. The results could be presented with for example isovels showing different wind speed 
with different colors. 
 
3.4. Whole field measuring using Particle Image Velocimetry (PIV) 
 
Also from the PIV technique quantitative values are the results but in contrast to the point measuring method PIV 
gives the instantaneous velocity vector map. The size of the cross-section is about 1 dm² so to cover a greater 
area several measurements has to be done. By making sequences of velocity vector maps both changes of the 
wind field could be examined and the mean velocity calculated. It is also poosible to measure in a volume by 
measuring on many different cross-section of the flow.  
 
4. DISCUSSION AND CONCLUSION 
 
The two first methods, sand erosion and soap bubbles, are techniques giving us a qualitative, pedagogical result. 
In many cases that could be what is needed to understand the wind flow.  The sand erosion method provides a 
detailed overview of the spatial variations of the wind pattern and a simplified version are for example used in 
architects’ practice and training. The soap bubbles could clearly show patterns, e.g. different sized eddies, that 
could be difficult to track with a quantitative method.  
 
The qualitative methods do not give us the magnitude of the wind speed. That could instead be measured with 
the quantitative methods. The two quantitative methods explained in this paper are different. The point measuring 
method with hot wire does not give us an instantaneous result and it takes some time to cover a volume. One 
more disadvantage is that the direction of the wind could not be detected. The whole field method, PIV, is an 
instantaeous method and it can detect different directions. The disadvantages with this method are instead the 
cost of the equipment and that the method only can cover a smal cross-section.   
 
Depending on the problem that one wants to solve the requirements of the measuring method could be different. 
The methods explained in this paper can complement each other. 
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URBAN VENTILATION IN THE CITY OF BELO HORIZONTE, BRAZIL 
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Abstract 
 
This paper presents a study of the ventilation conditions in the city of Belo Horizonte, Brazil, dealing with the 
topoclimatic scale. The study was carried out using a computational thermodynamic model of an urban area to 
integrate data from large scale with those from the local meteorological stations. The results allowed a better 
understanding on the spatial paths of the wind flow, that is the influences of the buildings and urban design. The 
results also pointed out some potentials and limits for the simulation model applications. 
 
Key words: urban ventilation, thermal comfort, urban planning, ENVI-Met software 
 
 
1. INTRODUCTION  
 
The pattern of the local air masses displacement is affected by the urban areas. The increase of the surface 
roughness length provokes a reduction in the wind velocity and path of displacement, that change into a turbulent 
way. In a topoclimatic scale [1], the buildings arrangements and forms have a great influence on the wind profile 
modification. The turbulence and the eventual air flow acceleration generated by the buildings aerodynamics 
effects may cause some thermal changes by convection budgets between the surfaces and the local atmosphere. 
But this turbulence does not provoke ventilation in urban scale, because the air circulates locally, finding 
obstacles to its dispersion. Therefore, the urban ventilation, besides the contribution in heat exhausting caused by 
human activities and buildings, is also an important factor for the air pollution diffusion. 
 
In spite of the extensive studies on urban climates only a few of them regard to tropical areas, where the urban 
ventilation is an essential factor for the human thermal comfort, healthfulness maintenance and for the reduction  
of the buildings energy consumption. Studies have indicated that ventilation is the less studied parameter in 
Brazil, mainly in urban areas, raising difficulties to the approach on climate sensitive urban planning and design 
(Vianna, 2001). Therefore, this study contributes for the advance of the works related to urban ventilation in 
Brazil, analyzing the potentials and limits of the use of the computational simulation and the urban planning 
applications. In this study a numerical computer model software called ENVI-met® was used. It is based on the 
fundamental laws of fluid dynamics and thermo-dynamics, designed to simulate the topoclimatic scale interactions 
between urban design and the urban climate. 
 
2. THE STUDIED AREA   
 
Belo Horizonte (19°55’S, 43°56’W), the forth largest metropolitan region in Brazil, is placed at the Southeastern 
region in Brazil at the mean altitude of 875 meters. The city is located in a region of a tropical mixed climate type 
with rainy summers and dry winters. The winds are of low velocity throughout the year in the city (about 1.5 m/s). 
That is one reason why the fast growing of tall buildings in a dense urban development could make worse the 
local ventilation conditions. The selected case area is the Floresta District located near downtown, whose 
topography is irregular presenting hills and a valley which has a railway line. At present low-rise houses are 
predominant in this district, but it has a strong and increasing tendency to become more dense and vertical which 
may compromise the local thermal comfort conditions and generate eventual harmful effects in the urban 
environment (Mendonça, 2000). 
 
Previous study dealt with the city topography influence integrating data from 13 meteorological stations and doing 
ventilation essays by using physical scaled models in a qualitative wind tunnel (Ferreira, 2005). It was observed 
the predominance of winds from East with higher velocities at the Northern side of the city of Belo Horizonte. In 
the Floresta neighborhood, the results of the wind tunnel essays indicated areas (figure 01) where the ventilation 
conditions are not satisfactory. Another theoretical study formulate a hypothesis about the ventilation in Floresta 
District correlating variables that act on the wind flow dynamics, such as topography, terrain morphology and 
occupation density. This hypothesis was conjugated with climate area measurements and with the Givoni 
Bioclimatic Diagram recommendations, generating a synthesis map on the local climatic environment (Mendonça, 
2000). 

                                                 
* Corresponding author address:   Rua Engenheiro Bady Salum, 177, 30210-250,  Belo Horizonte, Minas Gerais, 
Brazil. E-mail: simoneqs@yahoo.com.br  
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So this research aimed to make a comparative analysis considering these previous studies and the topoclimatic 
digital modeling results. The comparison of these results was made simulating the urban ventilation condition in a 
specific area of Floresta District using the software ENVI-met®. The selected area for the computational 
simulation, indicated in the map, was pointed out in both studies as a bad ventilation region, requesting 
precaution on building arrangements in order to avoid blocking the natural ventilation. 
 

  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 01: Erosion figure overlayed on 
the map of the Belo Horizonte  
districts (after Ferreira, 2004). At the 
right side the detail of the Floresta 
District with the delimitation of the 
simulated squares using the software 
ENVI-met®. The bad ventilation 
conditions areas are detached. Below, 
the typical street profile in the studied 
area (pointing out the irregular 
topography). After Silveira, 2005. 

 
3. METHODOLOGY 
 
The adopted methodology approaches aspects from regional to local scale, integrating data from sounding with 
those from surface stations by computational modeling. The ENVI-met® software requires two essential files: one 
of them with the meteorological data configuration and another one with the studied area spatial data. The basic 
configuration requests data of specific humidity (g water/kg air) at 2.500 meters (planetary layer), initial 
temperature atmosphere (K), relative humidity (%) at 2 meters, wind velocity (m/s) and direction at 10 meters and 
roughness length. An hourly monthly data base was created by statistical treatment to get the simulation start at 
12h. The specific humidity data at 2.500 meters was obtained using soundings from Confins Airport in Belo 
Horizonte outskirts and extracted from the site of the University of Wyoming, Department of Atmosferic Science, 
College of Engineering [2]. The monthly average relative humidity was taken from Brasil (1992) and converted 
into hourly data through the methodology developed by Alucci (1992). The mean wind velocity and direction at 10 
meters were resulted of four meteorological stations monthly averages. These stations are located in the city of 
Belo Horizonte and these data were collected and treated by Ferreira (2004). All of the data was collected for the 
period between 1999 and 2003. The roughness length was extracted from Katzschner (1997) studies, considering 
the different land use and occupation distribution and the area structure and topography. The basic configuration 
data relating to area geographic position (latitude and longitude) was also added in order to get a more trustful 
ventilation conditions for the simulation.  
 
The studied area data mapping file was generated using the ENVI-met® editor. It requires data like the buildings 
plant projection and height, streets location, vegetation type and location, soil revetment and its distribution and 
the area orientation with regard to the North. These area characteristics survey was obtained by field 
investigations. The meteorological data base and area mapping integration was made by ENVI-met®, creating 
data in topoclimatic scale from the air temperature (K), wind velocity (m/s) and direction, among other variables. 
The results was spatially visualized using the software LEONARDO®, generating hypothetical maps about wind 
flow dynamics in topoclimatic scale for the selected area. 
 
4. RESULTS 
 
The obtained results provide a general panorama of the average ventilation condition in part of the Floresta 
District. The ENVI-met® digital modeling allowed a better understanding on the influence of buildings and urban 
design on wind flow spatial dynamics. The results pointed out the importance and the need of planning buildings 
arrangements in order to avoid blocking the natural ventilation and/or favor a better ventilation condition. In the 
generated map (figure 02) one may visualize certain aerodynamics effects resulted by buildings shape and its 
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interrelations with the neighborhood. Mainly in dense interior squares, it was observed a significant wind velocity 
reduction which may make worse the local ventilation conditions. 
 

 
Figura 02: Map generated by the software LEONARDO® pointing out topoclimatic scale data obtained with the 

software ENVI-met®. The arrows show the wind direction and velocity. 
 
In parallel streets with regard to predominant wind direction, there is an air flow canalization with consequent 
increase on its velocity. Otherwise, in perpendicular streets with regard to wind predominant direction, there is a 
reduction of the air flow velocity. Further it was possible to identify, by wind path, the upwind or high pressured 
façades and the downwind ones or low pressured façades. This pressure differences between different buildings 
façades may explain much of the observed effects as an air velocity increase in the edge and the presence of air 
turbulences downwind of some buildings. 
 
Some limits of ENVI-met® were also observed. The results are altered in the right map extremity, faced on the 
dominant wind direction, because the near neighborhood upwind may not be considered. Thus to get a trustful 
simulation of some square, a bigger area than that of interest must be simulated. In the results it was not possible 
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to observe aerodynamics effects resulted by architectonic details like pilotis, for example, because the software 
just considers the buildings like blocks. Another limit is that ENVI-met® do not take local topography into 
consideration. The local topography has a great influence on the Belo Horizonte wind dynamics, as demonstrated 
in the previous studies developed by Ferreira (2004). In fact, one might notice the occurrence of bad ventilation 
conditions places at the right side of the studied area (where there is a valley with a railway line), identified in both 
cited previous studies. These bad ventilation conditions are resulted of the topography  effects (see the typical 
street profile in figure 01) but in ENVI-met® simulation these regions do not appear like an area of wind flow 
reduction, on the contrary, they appear like a high wind velocity area. All of those limits can alter significantly the 
final results. 
 
5. CONCLUSIONS 
 
The wind dynamic is an important environment variable to base land use and occupation planning and buildings 
conception. The use of the software ENVI-met® as a planning tool is still in experimental stage, requiring deeper 
studies to evaluate its trustful to help in urban planning and architecture. But once validated, there is a lot of 
applications related to urban planning and design. One of the main limits identified in this software is its incapacity 
to consider the local topography. However, it is a planning tool that generates rapid results and make possible to 
essay different solutions for buildings arrangements and urban design in accordance with different climatic 
conditions. This makes possible a more conscious decision process, minimizing the impacts on the neighborhood 
and on the city wind dynamics. The good and/or bad ventilated area identification in urban environment may help 
in a better orientation definition for streets and in a better location of green areas and buildings, by giving norms 
and propositions for the urban design and for the construction laws in order to preserve the air flow paths.  
 
[1] It was adopted the classification used by Monteiro (1976) based on Caileux and Tricart works. 
[2] Available at the site: http://weather.uwyo.edu/upperair, acessed in May/2005. 
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Abstract 
 

In the river which flows in the city, there is the effect which eases the thermal environment of the city as a way 
of the wind, while there is cooling effect as water surface.  As thermal environment control by the city scale, the 
effort which adjusts temperature and wind, radiant heat of the region is advanced by the installation of the way of 
afforestation plan and wind.  It is necessary to quantitatively examine climatic environment in the region in order 
to effectively utilize such technique.   

The measurement was carried out in summertime, and in 2004 2005. Measurements are the 2 types, and they 
are transfer observation by the car and transfer observation by the walking.  Measurement items are temperature 
and relative humidity. A measuring time is made to be 1 minute in each measuring point. 

Results are as follows.   
In the sea wind, sea wind which ascends the river has cooling effect, and remarkable temperature fall in the river 
channel vicinity is observed.  This effect is lowered in the distance with the consistency of the distance from the 
coastline.  
  

key word:City Climate , Heat Isiand ,Air TEmperature ,Filed Measurment,Urban Canyon 
 
 

 
Figure-1 Location of  Measurement Area 
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Figure-2 Distribution of Air Temperature during Calm 
 

1.Introduction 
  In this paper ,we describe about the influence of land and sea breeze on air temperature in urban area at 
Hiroshima city in summer season. In the urban area, there is a place where the temperature is low like waterfront 
and green land. And, there is a place where the temperature is high like building and road.   
  The purpose of this measurement described as follows. 
  By modification of the recent land use by the urbanization and increase in the artificial waste heat, city proper 
climate change like the heat island becomes remarkable.  
  Temperature rise caused by heat island is made to lower the amenity in the summer time.  
  It has been indicated that the effect is caused for various sides such as increase of air conditioning energy 
consumption  
  The passive utilization of natural energy such as land and sea breeze seems to be adequate for improving the 
thermal environment 
  In the urban area, the high-temperature phenomenon becomes remarkable by various energy use. So, we 
consider the effective utilization of land and sea breeze as the technique which suppresses this high-temperature 
phenomenon. 
 
2. Results 
2.1 Distribution of Air Temperature 
  First to begin with, the air temperature distribution of the calm in the summertime on 2005 is shown in Figure-2. 
According to this, the rise in the temperature in the region where the building has massed is confirmed. It is 
considered that in such situation, ground plane covering around the measuring point influences in the temperature 
in the measuring point. In this reason, the temperature measured in road and around the green land where the 
street width is wide lowers.    
  Next, the air temperature distribution in sea wind in the summertime on 2005 is shown in figure-3.  It is a time 
zone of the sea breeze in this observation. According to this, the temperature in measuring point over the river and 
measuring point which adjoins the river tends to lower by the flow of the air flow which received the effect of 
cooling effect by the low of sea water temperature than the temperature.   
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Figure-3  Distribution of Air Temperature during Sea Breeze 

Figure-4 Horizontal Distribution of Air Temperature 
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Figure-5 Relationship between Air Temperature and Width of River 
 

2.2 Horizontal Distribution of Air Temperature 
 The horizontal distribution of the temperature on measurement lines in east and west is shown in figure -4.  In 
this figure, the situation of the landform on measurement lines was shown.  In the time zone of the calm in early 
morning, according to this, the lowering of the temperature in measuring point over the river and measuring point 
in the vicinity is not recognized.  In the measurement in the sea wind, the lowering of the temperature in 
measuring point over the river and measuring point in the vicinity has reversely appeared clearly on this. The width 
of the river seems to greatly influence lowering lapse rate of this temperature.  This is examined in detail in next 
chapter.   
 
2.3 Relationship between Air Temperature and Width of River 
  In the time zone of sea wind, decline of temperature in measuring point over the river and measuring point in the 
river vicinity is largely affected at the width of the river.  The relationship between river width and temperature of 
the measuring point over the river is shown in figure -5 in order to clarify this effect.  This figure showed the thing 
in time zone of the calm and time zone of sea wind.  In the time zone of the calm, according to this, the clear 
correlation is not recognized in river width and temperature.  In the time zone of sea wind, for this, the 
temperature lowers with the width of the river width and has the clear and negative correlation.  And, the 
correlation coefficient rises with -0.75.  Like this, the clear cooling effect which the river had in the city in urban 
area with the river was confirmed.   
 
3.Conclusion 
   In this paper, temperature measurement in the Hiroshima City in the summertime was carried out, and the 
effect of the width of the river given in the city temperature was clarified.  Summaries are as follows.   
     In the time zone of the calm, river cooling effect does not influence in urban area, and the cooling effect is not     

recognized in spite of the river width.   
     In the sea wind, the temperature which is lower than the temperature flows into urban area.   
     In the sea wind, it became clear that effect of decreasing of the temperature increased by receiving effect of 

air flow which flows into the river with the width of the river width.   
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DAYTIME VARIATION OF THE MICROCLIMATIC CONDITIONS IN A 
RESIDENTIAL DISTRICT OF THE CITY OF LISBON (PORTUGAL) 
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Abstract 
 
 
Measurements of the daytime air temperature and of the solar and infrared radiation were carried out in a 
residential neighbourhood of Lisbon (Telheiras) in two different periods (one in the summer, the other in the 
winter). This allowed for the modelling of the Physiological Equivalent Temperature using a GIS. It was found that, 
above all, spatial variations reflect differences in exposure to direct solar radiation solar and to the wind; however, 
significant microclimatic differences were also found to be associated with the urban geometry around the 
measurement sites. An attempt was then made to develop a model, which is still in its inception phase, in order to 
estimate the air temperature as a function of the disposition of the buildings.  
 
Key words: daytime urban climate; urban geometry, Lisbon 
 
1. INTRODUCTION 
 
The daytime features of the urban climate usually receive less attention from researchers than the night-time 
ones, due both to the importance that the study of the Urban Heat Island (which is mostly a night-time 
phenomenon) traditionally assumes in urban climatology and to the greater complexity of the microclimatic 
daytime patterns, which is a consequence of the variations in incident solar radiation associated with the urban 
geometry. However, human activity takes place mostly during the daytime and the conditions that prevail in this 
period are, without any doubt, very important. Thus, the main goals of this study were to: 
- Analyse the spatial variation of the air temperature (Ta), the radiation fluxes and the mean radiant temperature 
(Tmrt), as well as the relation between these variables and the urban geometry; 
- Model (based on empirical evidence) the microclimatic variation of the Physiological Equivalent Temperature 
thermophysiological index (PET - Mayer and Höppe, 1987; Höppe, 1999; Matzarakis, Mayer and Iziomon, 1999), 
without carrying out local measurements. The PET was calculated assuming constant levels of metabolic heat 
production (80 w m-2) and thermal resistance of clothing (0.9 clo). A discussion of the meaning of the PET in a 
climate such as Lisbon’s can be found in Andrade and Alcoforado (accepted). 
The area that was chosen for this study was Telheiras (fig. 1), a residential district in northern Lisbon; the main 
findings regarding the microclimatic night-time conditions in Telheiras have already been presented in Andrade 
and Alcoforado (accepted). 
 
2. METHODS 
 
This study was based on measurements of the air temperature (Ta) and of the solar and infrared radiation in two 
different periods, one in the summer and the other in the winter (June 2001 and February 2002, respectively); in 
both of these periods, anticyclonic conditions prevailed, with a predominantly cloudless sky and variable wind 
conditions. Ta was measured in 10 sites (fig. 2), using thermal sensors and data loggers from Gemini Data 
Loggers’ (Tiny Talk) placed on lamp posts at a height of around 3 m. Ta was recorded every 10 minutes and the 
analysis of the results was made using the average value for each 30-minute period. The radiation fluxes (solar 
and infrared radiation) were recorded by way of itinerant measurements, using a Kipp & Zonen CM 21 
pyranometer (for solar radiation) and a Kipp & Zonen CG1 pyrgeometer (for infrared radiation).  
The analysis of the spatial variation of Ta was based on the maximum differences between any two measurement 
sites in each moment: MSD =  maxTa-minTa, with maxTa and minTa standing for, respectively, the highest and 
lowest values of Ta in all the measurement sites at moment t. The MSD was also calculated for both the Tmrt and 
the PET. 
In order to estimate the PET, the recorded values of Ta were combined with estimated values for the wind speed 
(using the Envi-Met non-hydrostatic model  - Bruse and Fleer, 1998) and the Tmrt, which were modelled using the 
RayMan software (Matzarakis, Rutz and Mayer, 2000); the results produced by RayMan were calibrated and 
validated based on actually recorded values.  
The methods used in the estimation and continuous spatial representation of the PET were similar to those used 
for the night-time in Andrade and Alcoforado (accepted); however, in the specific case of the daytime, two 
different models were developed, one for places in the shade and the other for places subject to direct solar 
radiation. The daytime moment used in the estimation exercise was 3 pm (in the summer) and 4 pm (in the 
winter). The PET was calculated using a multiple correlation model, which modelled the PET values in Telheiras 
as a function of the meteorological parameters recorded in the Lisbon airport site (fig. 1) and of a number of local 
geometric parameters. It can be argued that the parameters recorded in the airport site represent the mesoscale 
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conditions, whereas the geometric parameters introduce microclimatic modifications. The continuous spatial 
representation of the PET under different weather types was made using a GIS. 
 
3. RESULTS AND DISCUSSION 
 
The spatial variations of Ta, Tmrt and PET were all higher than those recorded at night; The 75th-percentile values 
of MSD are shown in table 1. 

Table 1. 75th percentile of the daytime MSD for different temperature parameters in Telheiras 
 Summer Winter 

Ta 3.9 2.6 
Tmrt 25.0 26.4 
PET 15.5 11.7 

The large differences in Tmrt are obviously a consequence of the contrasts in exposure to direct solar radiation. Ta 
is less sensitive to these contrasts, whereas the PET is a synthesis of these two factors with the wind speed. 
The spatial variation of the radiation fluxes and of Tmrt (and, consequently, of the level of human comfort) is 
therefore highly conditioned both by the urban geometry and by the apparent position of the sun. For example, 
radiation measurements made in the early afternoon on July 12th, 2001 (fig. 3) show that the highest values of Tmrt 

were recorded in an open place with little side occultation (thus allowing for greater penetration of diffuse solar 
radiation) and higher albedo. It is important to bear in mind that the radiation reflected off a given surface is an 
energy loss for that surface, but can be an input for the human body. As might be expected, site 3, which is 
located in the shade, experienced lower values of almost all the fluxes, but it is worth pointing out the relative 
importance of the fluxes coming in from the North wall of the street, which is partly exposed to solar radiation.  
The measurements showed that, during the day, the level of solar exposure of the walls closest to the 
measurement sites has a distinct influence upon the Ta. In order to express this relationship, an attempt was 
made to develop a simple empirical model aimed at estimating this influence in two different periods of the day: in 
the morning, between 9am and 11am, and in the afternoon, between 2:30pm and 5pm. In order to allow for the 
simultaneous analysis of periods with highly disparate values of Ta, the difference between the temperature 
recorded in each site in a given observation (Ta) and the average temperature in the neighbourhood in that same 
observation was computed as (Ta avg): Tad = Ta-Ta avg. 
The main factor that influences the variation of Ta is the level of exposure to direct solar radiation. Table 2 
presents some statistics that serve to characterize the Tad series in the case of the sites in the shade and in that 
of sites exposed to direct solar radiation. 

Table 2. Tad in sites in the shade and in the sun 
 Perc. 15 Perc. 50. Perc. 85 
Sites in the shade -1.3 -0.7 0.0 
Sites in the sun -0.4 0.3 1.3 

For this reason, a decision was made to analyse these two types of situations (in the shade and under direct solar 
radiation) separately. 
In order to quantify the geometry of the surrounding space in each site, the sky hemisphere in that site was 
divided into 8 sectors (each one with 45º) and the level of sky occultation was calculated for each sector (fig. 4). 
The level of occultation in each of the two 180º sectors (half hemispheres) was also considered. 
It was assumed that the influence of the level of sky occultation in each sector depends upon its position relative 
to the solar azimuth (considering conditions of cloudless sky only). A high level of occultation in the direction of 
the solar azimuth significantly reduces the diffuse solar radiation, whereas the opposite situation increases the 
reflection and radiation coming in from the walls. Therefore, the level (percentage) of occultation in the following 
directions were considered as independent variables in the multiple regression model for each of the four referred 
situations (morning and afternoon, sun and shade),: 
- In the 45º sector corresponding to the solar azimuth and its corresponding half hemisphere;  
- In the 45º sector opposite to the solar azimuth and its corresponding half hemisphere. 
An important parameter in this analysis, which was impossible to calculate for practical reasons, was the albedo. 
The Tad is also influenced by mesoscale parameters. Under strong solar radiation and weak wind conditions, 
spatial thermal differences are accentuated. For this reason, these parameters were also included in the 
regression analysis as independent variables, particularly the levels of cloudiness (in octas), sun elevation angle 
(in degrees), global radiation (in w m-2) and wind speed (in m/s); these parameters were estimated or measured at 
the Lisbon airport site (fig. 1). 
The results of the regression analysis are summarised in table 3. All the models proved statistically significant.  
The percentage of the variance explained by the model in the case of the afternoon period is smaller than in the 
morning period, because the sun has a lower elevation angle and the obstacles have a lesser influence; however, 
even in the case of the equation with the lowest R2 (afternoon, sites in the sun), the percentage of the residuals 
that exceed ± 1ºC is less than 15%.  
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Table 3. Results of regression analysis between Ta d and ocultation by sectors 
 N R2 % residuals  

> ±  1ºC 
F P 

Morning shade 370 0.63 5 61.7 0.0000 
Morning sun 426 0.60 14 78.9 0.0000 
Afternoon shade 540 0.45 6 54.0 0.0000 
Afternoon sun 764 0.43 10 95.9 0.0000 
However, the results of the relationships between the Tad and the level of sky occultation are not always clear, 
even though they generally indicate that the level of occultation in the direction of the solar azimuth corresponds 
to a decrease in the Tad (fig. 5) and that, conversely, the occultation in the opposite direction is associated with a 
temperature increment (fig. 6), which is higher in the places in the sun than in those in the shade. Still, further 
work in this direction seems to be necessary in order to reach more definitive conclusions. 
 
The spatial variation of the PET (which was estimated as previously described) was found to be mainly influenced 
by the level of exposure to direct solar radiation and to the wind; the spatial variation of Ta was clearly less 
important. In the winter, when the streets and courtyards were largely in the shade, the values of the PET were 
very homogeneous, with only minor variations due to the level of shelter from the wind. In the summer, much 
larger contrasts could be found due to the differences between the areas in the shade and those under the sun. 
Naturally, the highest temperatures were recorded in the sites under the sun that were sheltered from the wind. 
However, the bioclimatic meaning of these conditions (shelter from solar radiation and from the wind) can vary 
greatly between the summer and the winter. 
On hot summer days (fig. 7), PET values ranging from 55 to 58ºC (fig. 7) were estimated for the sites located 
under the sun and sheltered from the wind. Reducing the level of thermal discomfort therefore implies providing 
as much shade and good ventilation as possible (in the shade and with shelter from the wind, the PET still 
reaches 36.0ºC to 37.0ºC). Additional cooling measures should be taken, for example, by increasing the level of 
evapotranspiration. On winter days (fig. 8) with cloudy sky and moderate wind, the PET varied between 7.0ºC and 
16.0ºC. Under these conditions, control of the level of thermal comfort should be done exclusively through the 
provision of wind shelter, since the direct solar radiation has an episodic character.   

 

4. CONCLUSION 
 
The daytime spatial variation of the Tmrt, Ta and PET, whether actually recorded or estimated, can be very large, 
and is above all associated with the varying levels of exposure to direct solar radiation; the level of shelter from 
the wind also has an important influence upon the PET, whereas the variation of Ta is clearly less significant 
(although much larger than during the night-time). The surrounding geometry of the measurement sites has a 
significant influence not only upon the radioactive fluxes but also upon the Ta. Generally speaking, an increase in 
the height of the obstacles in the direction of the solar azimuth brings about a decrease in Ta, whereas an 
increase in the height of the obstacles in the opposite direction is associated with an increment in Ta. 
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Abstract 
 
Measurements of various climatic parameters were carried out in an average-sized green space in Lisbon. The 
objectives were to measure the thermal differentiation between the park and the neighbouring built-up area and to 
analyse the microclimatic differentiation within the park itself. The main results demonstrate that the park is cooler 
than the built-up area in all the seasons and both during daytime and at night, but especially in the summer 
daytime. The most significant microclimatic differentiation was found to occur with respect to solar radiation and 
mean radiant temperature, with consequences upon the level of thermal comfort. The structure of the vegetation 
was also found to have a significant microclimatic influence. 
 
Key words: Urban Green spaces; thermal comfort; Lisbon 
 
1. INTRODUCTION 
 
 
In biophysical, social and cultural terms, green spaces are important factors for the improvement of the urban 
environment. From the climatic point of view, green spaces contribute to attenuating the effects of the Urban Heat 
Island, which is particularly important in a context of global warming. The climatic specificities of green spaces are 
mainly due to the reduction of incident solar radiation at the ground level under arboreal covering and to the 
increment in latent heat flux due to evapotranspiration (Oke, 1987, 1989 Rosenfeld et al., 1995; Spronkem-Smith 
and Oke, 1998; Upmanis et al. 1998; Barradas et al. 1999; Sashua-Bar e Hoffman, 2000; Barradas, 2000; 
Spronkem-Smith et al. 2000; Andrade, 2003). Contrasts within green areas create a mosaic of microclimatic 
conditions which are favourable to a variety of uses under different weather conditions (Alcoforado, 1996; 
Spronkem-Smith and Oke, 1998). In this case, the area whose climate was under study was the Calouste 
Gulbenkian Foundation Park, an average-sized green space (8.5 ha) in central Lisbon (fig. 1), which has very 
diversified vegetation and a large lake and includes several buildings. The objectives were twofold: a) to measure 
the thermal differentiation between the park and the neighbouring urban area (local scale) during the day and at 
night; and b) to analyse the daytime microclimatic differentiation within the green space itself. 

 
 

2. METHODS 
 

In order to achieve the former (local scale) objective, several air temperature measurement devices were set up 
both within (3 sensors) and outside (6 sensors) the park (fig. 2). The sensors (Gemini Data Loggers’ Tiny Talk 
devices – Andrade and Alcoforado, accepted) were placed at a height of around 3m. The air temperature was 
recorded every 10 minutes. The analysis of the results was made using the average value for each 30 minute 
period. The sensors gathered data over 117 days in the summers of 2004 and 2005, as well as during 10 days in 
the autumn and 12 days in the winter.  
In order to analyse the differences between the park and the surrounding built-up area, the park cool island - ∆ tu-p 
= Tu-Tp (Spronken-Smith and Oke, 1998), with Tu and Tp as the maximum temperatures in the built-up area and 
the park, respectively - was calculated; besides estimating ∆ tu-p in this way, the median of the differences 
between the temperatures in the built-up area and the park at any given moment, which was designated as the 
median park cool island (∆ tu-p med), was also calculated.  
At the microclimatic scale, six itinerant measurements of the air temperature, relative humidity, wind speed and 
solar and infra-red radiation were carried out in several different micro-environments within the park. All the 
measurements were made during the daytime, which is the period in which the park is subject to greatest use.  In 
order to integrate all the atmospheric parameters in a physiologically significant way, the Physiological Equivalent 
Temperature (PET - Mayer and Höppe, 1987; Höppe, 1993, 1999; Matzarakis, Mayer and Iziomon, 1999) was 
calculated, assuming constant levels of metabolic heat production (90 w m-2) and of thermal resistance of clothing 
(80 w m-2). A discussion of the meaning of the PET in a climate such as Lisbon’s can be found in Andrade and 
Alcoforado (accepted). 
 
 
3. RESULTS AND DISCUSSION 

 
The local scale study confirmed that the Park is cooler than the surrounding built-up area both during the daytime 
and at night and in all the seasons, but especially so in the summer and autumn (table 1); in the winter, the 
differences were usually much less significant. It should be borne in mind that the measurement periods were 
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much shorter in the autumn and winter than in the summer. Therefore, the results for the latter seasonal period 
are much more consistent. Moreover, due to the fact that the particular period in the autumn in which the 
measurements were carried out was very hot and dry, the thermal behaviour was in fact very similar to that of a 
summer period.  
The daytime differences were more significant than the night time ones. In the summer daytime, the median 
differences were most commonly between 1 and 1.5ºC, although extreme values of ∆ tu-p above 9ºC could also be 
found; these extreme differences occurred under very hot and dry weather conditions. The largest night time 
differences also occurred under hot and dry conditions. 
The aforementioned daytime differences between the park and the surrounding built-up area were computed 
without taking into account the exposure to direct solar radiation. Obviously, the places in the sun were always 
hotter than those in the shade, regardless of being located inside the park or not. 
 
Table 1. Statistical characterization of ∆ tu-p and ∆ tu-p med 

Daytime period 
 ∆ tu-p med  ∆ tu-p 

 Perc. 50 
(ºC) 

Perc. 85 
(ºC) 

Maximum 
(ºC) 

%  values 
>0 

Perc. 50 
(ºC) 

Perc. 85 
(ºC) 

Maximum 
(ºC) 

%  values 
>0 

Summer 1.3 2.9 5.4 83 4.1 5.8 9.5 100 
Autumn 1.8 2.7 4.6 100 4.1 5.5 7.5 100 
Winter 0.12 0.49 0.9 56 1.4 2.3 3.7 100 

Night time period 
 Perc. 50 

(ºC) 
Perc. 85 

(ºC) 
Maximum 

(ºC) 
% >0 Perc. 50 

(ºC) 
Perc. 85 

(ºC) 
Maximum 

(ºC) 
% >0 

Summer 0.7 1.02 2.0 96 1.4 2.5 4.1 100 
Autumn 0.8 1.58 2.1 100 1.36 2.67 3.3 100 
Winter 0.44 1.4 1.77 95 0.74 2.34 3.9 98 
 

In order to find out the extent to which the park contributes to the cooling of the atmosphere, independently of the 
solar exposure effect, a comparison was made between measurement places under identical conditions of 
exposure to direct solar radiation inside and outside the park (figures 3 and 4). The places inside the park were 
always cooler than the one outside: under the sun (fig. 4), the temperature inside the garden was 2 to 3º C lower 
than that in the built area; the differences between the places in the shade were even larger, reaching 5ºC.  
During the night time (fig. 5), the level of thermal differentiation was found to be lower, but still the park was 
almost always cooler than the built-up area in all the seasons. As has been amply discussed (Oke, 1981, 1987; 
Goh and Chang, 1999; Svensson, 2002; Andrade and Alcoforado, accepted), the night time urban temperatures 
are highly dependent upon the Sky View Factor (SVF). This parameter is often higher in green areas, although 
this is not a general rule. It is important to understand the extent to which the lower temperatures that can be 
found inside green areas are merely a consequence of a higher SVF (in which case it is the geometry of the place 
that is important, rather than effect of being located inside a green space). By comparing two measuring sites, J2 
(inside the park, with dense arboreal coverage and SVF = 0.16) and E4 (in an open space outside the park, with 
SVF = 0.75), it was found that the former site (J2, inside the park) was almost always cooler than E4, with a 
statistically significant median difference of 0.8ºC (F=27.3 to df = 1, 2220; probability level = 0.95). This indicates 
that the effect of being located inside the green space is more important for the thermal environment than the 
SVF. 
At the microclimatic scale, the daytime differences between several measurement sites inside the park were 
analysed. As might be expected, the most significant differences were found to occur with regard to solar 
radiation (and, consequently, mean radiant temperature), while microclimatic variations of infra-red radiation, wind 
speed and air temperature, though present as well, have a less significant impact upon the bioclimatic conditions. 
The solar radiation flux in the shaded areas averaged 12% of that recorded in the places subject to direct sunlight. 
The differences in the air temperature were much smaller (only around 2ºC), but the thermophysiological result 
clearly demonstrates the importance of shade in the summer days (the mean difference in the PET was 18.5ºC). 
Moreover, it was found that groups of trees cause a much greater reduction in solar radiation than isolated trees: 
in one site in the first situation (group of trees) a reduction in solar radiation of 94 % was recorded, and the mean 
Tmrt was 26ºC; in the same period, under an isolated tree, the reduction in solar radiation was only 76 % and the 
mean Tmrt was 33ºC. This difference was mainly due to the lateral fluxes of diffuse radiation, which under isolated 
trees were 9 times as high as those under groups of trees, whereas the vertical fluxes (which penetrate through 
the tree top) were only 4.1 times as high.  
 
3. CONCLUSION 
 
The park under study was cooler than the surrounding built-up area both in the night time and during the day, with 
the strongest cooling effect found to occur in the hot summer days (extreme differences between the park and the 
built-up area above 9ºC); this demonstrated the importance of the urban green spaces in terms of locally 
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mitigating the heat waves, which can have dangerous effects upon the human health. This cooling effect was 
observed even in those areas inside the park that were subject to direct solar radiation, when compared with 
places outside the park subject to similar conditions. The most significant microclimatic differences within the park 
were found to occur with respect to the levels of solar radiation and mean radiant temperature – and, 
consequently, thermal comfort -, with global radiation under shade conditions averaging 12 % of that recorded in 
open places; a significant difference was also found between the levels of solar radiation recorded under isolated 
trees and under groups of trees, with the shade provided by the latter proving much more effective than that 
provided by isolated trees. 
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Abstract 
 
This paper analyses the Brazilian production in the last ten years identifying the main aspects approached such 
as the variables studied, the most used methods, the experiences on modeling and the main topics considered. It 
was noticed that most of the studies focused on descriptive aspects through measurements of the environment 
and climate variables. The physical scaled models are used mainly for studying urban ventilation and the 
influence of buildings arrangements. The progress in descriptive approach has allowed  to establish  relations 
between the climate and the urban fabric variables in a number of cities, however most of these results are 
empirical and only a few of them start dealing with the energy balance through numerical or computational 
models.  The most studied topics are about the relation between the local climatic variety and the urban land uses 
and occupation, the urban form, planning aspects and the urban vegetation. These topics point out that a great 
number of the studies are direct or indirectly concerned with urban planning and/or design parameters for thermal 
comfort. 
 
Key words: urban climate review, city planning, Brazilian studies 
 
 
1. INTRODUCTION  
 
The cities in developing countries, particularly in Brazil, have been growing almost without any control or plan 
overcoming the government capacity to provide adequate infrastructure, housing and quality of life. This kind of 
urbanization process causes serious damages on the natural and built-up environments and one of the worst 
adverse effects is on the local atmosphere. In tropical cities the local climate change may lead to a bioclimatic 
stress condition affecting human health, damaging buildings and increasing the energy expenditure for artificial 
cooling of buildings, however without solving the problem of thermal comfort as a whole. This situation points out 
to a necessary review on our city models, urban construction legislation and design processes. The city paradigm 
produced by the Modern Movement appears to be no longer sustainable.  
 
Although the importance of these questions is recognized in Brazil, there is a great deficiency in applying the 
methods and results of urban climatology to town planning and design, partly due to the lack of a comprehensive 
approach between the knowledge fields involved. On the other hand Brazil has some of the largest cities in the 
world so the experiences on applied urban climatology in planning and building are important to be analyzed in 
order to verify priorities and gaps in the studies as well as the needs and opportunities of technology transfer in 
research.  
 
Jáuregui (2000) verified that, even so the production of works in tropical areas has more than doubled from the 
1980s for the 1990s, they represented only about 20% of publications in urban climatology referring to the cities of 
the mid and high latitudes. The descriptive studies that are basic for more elaborated inquiries are hindered by a 
little dense meteorological net in the tropical region and besides there is a deficiency in appropriate equipment to 
the research in the urban scale, that require a more and more sophisticated and expensive instrumentation. 
Nevertheless in the last decade the urban climate studies in Brazil had a great development mainly because of 
the architects and engineers interest in exploring the quality aspects of a built environment related to a climate 
sensitive urban planning and design. This paper analyses these Brazilian production identifying the main aspects 
approached such as the studied variables, the most used methods, the experiences on modeling and the main 
topics considered. 
 
2. URBAN CLIMATE STUDIES AND THE CONTRIBUTION TO THE URBAN PLANNING AND DESIGN   
 
The urban areas congregate good part of the currently economical, social and cultural activities, concentrating 
great population contingents, which result in a great demand and consumption of energy, water and raw 
materials. The energy consumed by buildings in the residential and commercial sectors arrives to about 40% of 
the total consumed in developed countries, while in Brazil, these same sectors arrived to a 18% of the total 
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demanded energy and to a 45,7% of the total electricity produced in Brazil, according to data from the National 
Energy Balance (Brasil, 2003). The great amount of energy used in the urban areas transforms them into the 
biggest indirect sources of the greenhouse gases production. On the other hand, the fast growth of the urban 
populations provokes a greater pressure on the local settings, because of the intensification of the land use and 
occupation, increasing the potential of the climatic change with the most frequent occurrence of severe episodes 
and floods (WMO, 1996).  
 
The studies of urban climatology are, therefore, important for the planning and the preservation of the urban 
quality, but its application to the cities planning and design is still very limited. This occurs not only because of the 
fragmented and disintegrated approaching among the diverse fields of the knowledge involved, but also because 
the great majority of the works in this area, as much in Brazil as abroad, is descriptive and thus its results are 
restricted to the case in study. Moreover, in good part of specialized literature, the recommendations for the 
climate responsible urban planning and project are very generic. For example, in WMO (1996: 15) the following  
directions are given: (a) to improve the comfort for the inhabitants outdoors and indoors; (b) to reduce the energy 
demand of buildings for heating in winter and for cooling in summer; (c) to reduce the quantity and increase the 
quality of surface water runoff.  It is necessary, however, to develop criteria and methods of less generic character 
for application in the process of synthesis of the urban form. In this context, the systematic space analysis of 
urban realities, the use of models for the simulation of climatic variations and the interaction of these two 
processes, that are complementary, may help in the conception of these criteria and methods. 
 
The descriptive studies of the urban climate have shown that, as much in temperate as in tropical areas, the local 
climatic change is associated to the effect of energy transformation in the urban area influenced by its 
morphology, the thermal properties of the surfaces materials and the production of anthropogenic heat. This  has 
as results the reduction of the taxes of evaporative and convective cooling, because of the soil coverage,  the 
reduction of the surface covered by vegetation and the reduction of the winds speed caused by the increase of 
the superficial rugosity. A general vision on these descriptive studies on the urban climate in some cities shows, 
however, that the weight of the urban characteristics in the local climatic behavior can vary very much, according 
to the kind of synoptic conditions, the city outskirts (natural, agricultural or industrial), the forms of the relief, the 
influence of great  water masses and the proper size of the urban area. 
 
One of the advantages that the descriptive approach brings for the planning, mainly the approach that is 
originated from the human reference (Monteiro, 1976; Mayer and Höpe, 1987; Katzschner, 1997 and others), is 
the identification of the important elements of the landscape context for the thermal comfort or the heating 
mitigation which must be preserved or mobilized rationally by the urban design. The limit of this approach is that it 
does not make possible an objective indication of the best arrangements of the buildings, the size and disposal of 
the green areas and/or water bodies necessary for the effective improvement of the local climatic conditions. For 
such a performance analysis, the modeling becomes fundamental. 
 
In the international literature one may notice that there was a certain investment in the empirical models 
development until the early 1980s, when the use of urban energy balance models showed to be a better 
approach. In a general sense, the natural or agricultural areas adjacent to the city lose more heat by means of the 
evaporative cooling. In the cities, on the contrary, the surfaces have more thermal capacity and the soil cover 
degree is much bigger, so most of the thermal flow is of sensible heat (QE). The urban structures also favor the 
heat storage (∆QS), increasing the importance of this term in the system. Therefore, during the night the intensity 
of the thermal loss is a function of the amount of heat stored and available in the surface. Many studies have 
been showing that two variables of the urban form - the geometric configuration of the area (arrangement 
between the urban buildings and the other urban elements) and the thermal inertia of the surfaces - play a 
particularly important role in this balance, especially in the formation of the heat island phenomenon.  
 
However, if such variables clearly have a role in radiative exchanges (Oke, 1981; Assis, 2000), affecting the local 
variation of the air temperature and humidity, still there are not enough elements to a good understanding on the 
influence of these variables in the other terms of QH and ∆QS, as well as the interactions with other variables that 
influence the term of latent heat flux (QE), which depends on the water availability in the system, through the 
vegetation areas, the type of vegetation, the presence of  water bodies, etc. Oke et al (1999), when comparing the 
relation among these terms for a number of cities in tropical and temperate areas, had concluded that the 
influence of the urban morphology on QH does not seem to be linear, being this relation probably modulated by 
the water availability and the efficiency of the heat storage in the urban structure. The complexity of these models 
and the difficulty to access the groups that develop them constitute in strong obstacles to a greater use of urban 
energy balance models by architects and planners. 
 
Another problem in the application of this kind of model for urban planning purposes is that the matter of the 
human thermal comfort is not considered. However, the urban planners and architects need to evaluate how 
different solutions of project may interfere with the conditions of thermal comfort and the users behavior guided by 
these conditions to promote, in fact, the improvement of the urban environment quality. It seems that the diverse 
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existing biometeorological indices are not capable to deal with the dynamic effects on the users who are moving 
through an urban area and so significant differences  may occur between the results of the application of these 
indices and the answers of the users collected by means of empirical methods, such as interviews. Therefore, an 
effort to integrate the thermal comfort response of the urban users into the thermodynamic approach of the urban 
climate may be done. 
 
3. URBAN CLIMATE STUDIES IN BRAZIL 
 
Assis and Pereira (2005) carried out a survey on the Brazilian production about urban climate, environmental 
comfort and energy efficiency within the last ten years. More than 150 works were found, amongst books, doctoral 
theses and masters dissertations, articles in scientific periodicals or papers in technical-scientific annals. 
Considering the total of found works, about 77% has been published by groups from the fields of architecture or 
civil engineering and the remaining 23% has been published by groups of other fields, as geography and 
meteorology. These works have been produced by 32 groups of research distributed at 23 national institutions of 
superior education and research. However, the concentration of publications in few groups of research was 
observed in this survey: 5 groups have published more than a half of the total of the raised works, being that only 
one of them was related to geography researchers. 
 
Most of the works found in this survey (about 68%) were dealing with descriptive aspects of an urban area and/or 
climatic variables. The use of models for studying the urban climate revealed as the less adopted approach (only 
5% of the works). The most studied variable was the air temperature in its horizontal and temporal distribution into 
urban areas. The works that investigate the air temperature normally also study the associated behavior of the air 
humidity. The specific study of the humidity variation in the urban areas was carried out in only 1% of the works. 
The other two studied variables were solar radiation and winds (in 16% and 19% of the works, respectively). The 
main related aspects of the urban fabric in the raised works were the land use and occupation (23% of the works), 
the urban form (17%) and the urban vegetation (11%) and their influence on the urban planning (13%) and the 
human thermal comfort (10%). This demonstrates that great part of the works is aiming, directly or indirectly, for 
the elaboration of urban parameters that consider the issue of the thermal comfort.  
 
The methodology used in 47% of the works was the field measurements, using fixed and/or mobile stations.  In a 
number of them the climatic measurements were taken while the pedestrians were interviewed, applying methods 
of the post occupancy evaluation (APO) in urban scale. Remote sensing techniques were rarely used (about 1% 
of the works). Amongst the works that adopted the modeling, 62% developed empirical models. 19% of these 
works used physical models, mainly those that dealt with the urban ventilation through wind tunnel simulations. 
The models of energy balance are still little used (14% of the cases that adopted modeling) and the simultaneous 
work with the physical and numerical modeling, for example in studies on the radiative exchanges in urban 
environment following the experiment of Oke (1981), are still less frequent (6% of the works). 
 
It was also possible to observe that important subjects for the analysis of the energy efficiency in the urban areas 
have been little studied, as for example, the study of the influence of thermal inertia on the urban heat island  
(1%) and the energy consumption of buildings related to their location in dense built up areas (only 2% of the 
works). 
 
3.1. Discussion 
 
Jáuregui (2000) recommended a priority development of research in tropical urban areas on the following topics: 
(a) effect of the urban vegetation on the radiative exchange and the process of evaporative cooling; (b) urban 
hydrology in face of severe climatic episodes; (c) cloud to ground lightning activity and its impacts on the security 
of the populations, due to convective rain predominance in these regions; (d) physical processes of the tropical 
urban climate, therefore many border conditions are different of those from the urban climates in temperate areas. 
 
There has been occurring an increasing interest in Brazil in studies about the effects of the vegetation in urban 
areas, mainly those associated to the local improvement of the urban thermal comfort conditions and to the 
preservation of the main urban ventilation paths. However, the studies of rainfall, flooding and air pollution events 
and their impacts on the Brazilian cities life, which were mainly carried out by meteorologists and geographers, 
became more rare in the surveyed period.  Moreover, although some advances are noticeable on the modeling of 
the urban climate, with works that are already using the concept of energy balance, the studies dealing with the 
relation between the energy matrix of the city, the life style and activities of the inhabitants, and their impacts on 
the local climate practically does not exist.   
 
4. FINAL CONSIDERATIONS 
 
This review has shown that most of Brazilian urban climate studies are concerned on descriptive cases including 
medium-sized cities and metropolitan areas in different climatic domains.  In the last ten years, it seems there has 
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been a change in the researchers profile working in this field in Brazil. The studies were conducted mainly by 
geographers until the decade of 1980 but at present the most of the researches and publications are being made 
by architects and engineers.  One may also notice unfortunately the lack of interdisciplinary cooperation between 
these fields of knowledge.  
 
In the mid-1990s the first studies using empirical and energy balance modeling started to appear in Brazil. 
However, good part of the studies has left of the descriptive approaching, constructing empirical models whose 
application is very restricted to the studied case. Although these models are useful for the development of 
applications in planning and urban design, its limitations would have to lead to an effort towards of the greater use 
of the urban balance of energy approaching. Even with this kind of limit, the studies show, as already reported by 
Monteiro (1986), that the physical setting of the city plays an important role in determining the urban thermal 
structure in tropical areas.   
 
The approach of the energy balance seems most promising for planning purposes, taking in account the multiple 
variables involved and the thermodynamic character of the physical process of interaction between the elements 
of the atmosphere and those from the urban fabric and its outskirts. On the point of view of the urban planning 
applications the search for a generalization that allows to compare distinct solutions of project, different 
performances of the urban structures face the varied and dynamic climatic conditions, etc. are basic to evaluate 
the impacts of the project decisions on the human thermal comfort and on the balance of the urban ecosystem. 
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HEATWAVE FORECASTING WITH A COUPLED AIR-BUILDING MO DEL 
Karsten Brandt 

Donnerwetter.de GmbH, Bonn, Germany 
 
 
Abstract 
 
An effective heatwave forecasting scheme is necessary to warn the health services and public as early as 
possible to take appropriate measures. A simple building box model was set up to simulate the temperature of a 
model building during a heat wave in different regions. This simple model can explain the heat related death much 
better than the outside temperature (minimum or maximum). We found a very good correlation between the inner-
box-temperature and the heat related death. 
 
Key words:  heatwave, mortality rate, building-air model 
 
 
1. INTRODUCTION 
 
Summer 2003 in Germany will be remembered for extreme high temperatures and for a strong impact on health 
especially on the elder. In western parts of Germany heat related death rose about 25% (LOEGD 2004). The 
number of emergency calls rose significant (PFAFF 2003). An effective heatwave forecasting scheme is 
necessary to warn the health services and public as early as possible to take appropriate measures.  
Different authors found that heat related death in heatwaves do not correlate very well with daily maximum 
temperatures. Daily minimum temperatures and the duration of the heatwave are important factors, too 
(JENDRITZKY, TINZ 1999).  
The reason for this could be that it takes a while until the outside heat will warm up the interior of buildings without 
air conditioning. Our idea to offer a new and better forecasting system was to build up a building box model to 
simulate the interior temperature of a model building and relate it to the death rate. 
 
2. METHODS   
 
The diversity of building types in Germany don’t allow to choose an average building type for the model. Only the 
average size of the building box conforms to the average in Germany.  
A building box model was set up to simulate the temperature of this model building during a heatwave in different 
regions. The parameters of the building box, like the conductivity of the walls, are taken from the building 
standards of 1984 in Germany (RWE 1991), which represents the majority of buildings. The following tables  
(Tab. 1, Tab. 2) show the parameters of the model house (RWE 2004). 
 

parameters of the model house U-value   unit  area unit 

walls overall (without floor, with roof) 1  W * m-2 * K  197,5 m2 
windows overall 2  W * m-2 * K  22,5 m2 
roof overall 1  W * m-2 * K    
floor overall 1  W * m-2 * K    
air quantity in the building 300  m3    
air change 0,2  % * 100-1 per hour    
overall-mass in the building 102500  kg    
specific heat 1  kJ * kg-1 * K    
indoor start temperature 20  ° C    

Tab. 1: parameters of the model house 

areas of the model house length in m   height in m   window ratio in % * 100 -1 

southern area wall 10  3  0,25 
eastern area wall 10  3  0,2 
northern area wall 10  3  0,1 
western area wall 10  3  0,2 
roof area (plane bungalow) 10  10  0 
floor overall 10  10  0 

Tab. 2: areas of the model house 
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To simulate the interior heat load we choose the typical energy consumption and inner heat production of a 
family. The temperature variation inside the building is simulated with weather data from the nearest weather 
station.  
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Figure 1: example of air and interior temperature variation on two sunny days 

 
3. RESULTS 
 
Figure 2 shows the relation between the maximum air temperature during summer 2003 (from 1st of June to 31st 
of August) in Frankfurt (DWD 2003) and the daily mortality rate in Frankfurt. The correlation between the air 
temperature and the mortality rate is moderate (r = 0.57). 
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Figure 2: correlation between the maximum air temperature and the daily mortality rate in Frankfurt (summer 2003 from 1st of 
June to 31st of August) 
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This weak correlation is not a surprise because the risk of heat related death is only a problem for people at an 
age of over 65 which have already health related problems (HEUDORF, STARK 2004). This group of people do 
not spend time in the hot outside air. 
 
Figure 3 shows the daily maximum temperature in August 2003 and the calculated model interior temperature for 
Frankfurt. Figure 4 demonstrates the correlation of these two parameters. 
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Figure 3: daily maximum temperature and calculated model interior temperature in Frankfurt, August 2003 
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Figure 4: correlation of daily maximum temperature and calculated model interior temperature in Frankfurt, August 2003 

The interior temperature muffles the temperature variations of the outside air. The maximum interior temperature 
during a heatwave can be expected 1-3 days after the maximum of the air temperature. 
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Figure 5 shows the interior temperature and the mortality rate on a daily basis for the summer 2003 in Frankfurt 
(1st June - 31st of August). The correlation between the interior temperature and the mortality rate is 0.8. 
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Figure 5: correlation of interior temperature and the mortality rate on a daily basis in Frankfurt (summer 2003 from 1st of June to 
31st of August) 

The temperature in the model building rose in Frankfurt from 23.0 °C at the beginning of the heatwave (1st of 
August 2003) to 30.5 °C at the end of the heatwave ( 13th of August 2003). 
 
This coupled-air building model can explain the heat related death in Germany much better than all air 
temperature (minimum or maximum) indicators. We found a correlation between the inner-box-temperature and 
the heat related death between 0.80 and 0.89 during different heatwaves in Germany. 
 
4. CONCLUSION 
 
We believe that the reason for this good correlation is that elder people avoid the outside heat and stay indoors. 
Without air conditioning and proper ventilation the outside heat comes into the building with a time lag during a 
heat wave. Health problems because of the thermoregulation occur because of the high temperatures indoors. 
The model is used since April 2006 on the weather emergency website www.unwetter.de/innenraum/  in 
Germany. A nationwide forecast enables a precise heatwave forecast. 
 
The next step is to use the model on a worldwide scale. 
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USING THERMAL FINGERPRINTS TO RECOMMEND RAMBLING TR ACKS IN 
THE SIEBENGEBIRGE / GERMANY 
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Abstract 
 
The “Siebengebirge” in Germany's Rhine valley is one of the most popular tourist regions in Europe. A dens 
network of trails offer many possibilities for rambling tours. In specific weather situations different tracks in the 
“Siebengebirge” are unfavourable because of thermal heat load, wind effects or intense sunshine. Together with 
the tourist website siebengebirge.de we developed a method to recommend different routes for special weather 
situations with simple normalized temperature measurements. 
 
Key words:  rambling tracks, heat load, perceived temperature 
 
 
1. INTRODUCTION 
 
The “Siebengebirge” in Germany’s Rhine valley is one of the most popular tourist regions in Europe (RHEIN-
SIEG-KREIS 2005). A dens network of trails offer many possibilities for rambling tours. People of all ages are 
using the tracks for trips in the mountains of the “Siebengebirge”. 
 
In specific weather situations different tracks in the “Siebengebirge” are unfavourable because of thermal heat 
load, wind effects or intense sunshine. The fire and rescue department (STADT KÖNIGSWINTER 2005b) has 
noticed peaks of rescue activity during specific weather situations. Especially during heat and cold waves all over 
the year more health problems are recorded. 
A survey initiated by the web service siebengebirge.de showed, that the majority of visitors would choose their 
rambling tracks by means of the weather conditions (SIEBENGEBIRGE.DE 2005).  
 
Siebengebirge.de decided to develop an automatic computer system which recommends different rambling tracks 
based on the weather conditions in the forecast. The centre of the idea was to recommend only the tracks which 
offer the best weather conditions for the ramblers.  
Extreme thermal weather situations, whether cold or warm, should be avoided due to health risks (HÖPPE 1999 
and MORABITO 2004). 
 
2. METHODS 
 
Fifteen rambling tracks were chosen to be recommended in different weather situation. The most important factor 
to decide, which track should be recommended should be the thermal sensation. 
To get an idea of the possible thermal heat load in different weather situation, several measurements would be 
necessary to calculate the predicted mean vote (PMV) or the physical equivalent temperature. Air temperature 
and radiation temperature, humidity and wind speed must be measured on the different tracks on different 
weather situation. Details about PMV can be found by KUTTLER (1999). 
This measurement concept would be much too expensive, so we decided to measure PET values on three 
different tracks on cloudfree summer days to see, whether there is a good correlation with a simple air-
temperature measurement on a cloudfree radiation day. 
 
The following table shows the fifteen rambling tracks with different parameters like the maximal slope and length.   
 

name of the trail altitude 
difference   max. 

slope   open 
factor *  time in 

minutes  

Drachenfels 380  23  42  135 
Schallen- und Geisberg 310  17  15  110 
Weinberge 120  20  94  40 
Stenzelberg 150  14  81  65 
Petersberg 250  22  28  130 
Paffelsberg 30  3  13  45 
Ölberg 150  12  11  80 
Dornheckensee 40  3  21  50 
Weilberg 90  8  34  120 
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Felsenberg 120  16  14  80 
Klosterruine von Heisterbach 20  1  55  30 
Adelheidis-Pützchen 15  3  72  70 
Löwenburg 280  15  45  150 
Der blaue See 20  4  51  55 
Oberkassel 55  3  79  75 
        

* open factor: part of the track with no shading / all objects appear in the middle 
 of the track under 25° 

Tab 1: different rambling tracks with important parameters 

Figure 1 shows air and physical equivalent temperature (1.1 m measuring height) on one of the rambling tracks.  
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Fig. 1: air and physical equivalent temperature (1.1 m measuring height) in 3 minute intervals from 14:45:46 to 15:08:16 

This rambling track has got a low sky view factor over a long distance. Due to solar radiation the perceived 
temperature is up to 15 K over the maximum temperature on the parts of the track with a high sky view factor. 
Only a small percentage of this specific rambling track has got high sky view factors, because the track leads 
through a dense wood. 
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Fig. 2: correlation between the difference of the measured air temperature on one rambling track and the average air 
temperature of a weather station nearby and the physical equivalent temperature 
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The correlation between the air temperature and the perceived temperature on this sunny afternoon is very high. 
Figure 2 shows the correlation between the difference of the measured air temperature on the rambling track and 
the average air temperature of a weather station nearby and the physical equivalent temperature. The correlation 
coefficient for all tracks was r = 0.87. 
 
With this result, we measured the air temperature on the other rambling tracks during sunny summer afternoons 
and calculated the time of a temperature difference of more than 0.0 K between the temperature on the track and 
a weather station nearby. 
 
3. RESULTS: 
 
Every rambling track has a specific temperature profile which we called thermal fingerprint. With the simple air 
temperature measurements on each track the perceived temperature could be estimated. Characteristic values, 
like the time of higher temperature against the reference weather station nearby, or the maximum perceived 
temperature could be used to define whether the track can be recommended in different weather situations. 
Every rambling track has got a special profile. During sunny and hot weather tracks with a long time of positive 
temperature differences can’t be recommended, because of the high perceived temperatures. During cooler days 
these tracks are more attractive. 
 
During sunny summer weather when an air temperature limit of 28.0 °C is reached only rambling tracks w ith less 
than 10% of the route with a perceived temperature of 30.0 °C are recommended. The following figure sh ows the 
website www.siebengebirge.de with the recommendation of one of the tracks. 
 
 

 

Fig. 3: screenshot with the recommendation of one of the tracks (www.siebengebirge.de) 
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4. CONCLUSION 
 
Simple air temperature measurements on cloudless radiation days can help to assess thermal conditions. The 
reason for this is that the air temperature correlates in this weather situation with the different perceived 
temperature measures like PMV.  
 
With these thermal fingerprints the specific orientation and the height profile of the different tracks can be 
recommended in specific weather situations on the website www.siebengebirge.de. Basis for the daily 
recommendations is the standard weather forecast of the day. The forecast for the daily maximum temperature 
and the sunshine hours are used. 
 
During hot summer days tracks with a huge heat load can be avoided and can reduce the health risks.      
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APPLICATION OF MESO- AND MICROSCALE FLOW MODELS 
TO THE REGION OF TEHRAN (IRAN) 

 
 Joachim Eichhorn*, Stephan Borrmann*, Walter-Georg Panhans*, Daniel Reinert*, Ahmed Zand** 

 
*Johannes Gutenberg University, Mainz, Germany; **Atmospheric Sciences and Research Center, Tehran, Iran 

 
 
Abstract  
 
The city of Tehran is situated in northern Iran, south of the Elburz mountains which rise up to more than 5000 m 
above sea level. This geographical situation together with severe emissions of travel exhaust gases as well as 
industrial pollutants gives rise to serious environmental problems. 
 
A joint effort of the Institute for Atmospheric Physics (University of Mainz) and the Atmospheric Sciences and 
Research Center (Tehran) aimes at a better understanding of the chemical and transport processes involved in 
the situation at Tehran. Local measurements of pollutants will be accompanied by model simulations, using the 
mesoscale model CLIMM and the microscale model MISCAM, both developed and maintained at Mainz. 
 
The current paper introduces the numerical models which will be involved in the project. The mesoscale model 
will be used to simulate the influence of the mountain ridges on atmospheric flow conditions in the metropolitan 
area of Tehran, as well as to perform dispersal simulations for a chemically passive pollutant. Results of the latter 
will be used to identify ‘hot spots’ of pollution within the city which will then be examined in detail by running the 
high resolution flow and dispersal model MISCAM. 
 
Key words: flow simulations, pollutant transport 
 
 
1. MOTIVATION  
 
For a couple of reasons, air pollution is an important issue in the region of Tehran. First, the city of Tehran is a 
typical example of a rapidly growing urban sprawl. With a population of ~ 7.000.000 and an increase of more than 
10 % within the last decade, the Tehran area can already be classified as a mega city. Since the expansion of the 
public transportation system of Tehran has not kept up with the growth of its population, individual motor car traffic 
is the main contributor to air pollution.  
 
Another important aspect is the geographical situation of Tehran. The city is surrounded by high mountain ranges 
in all directions except south. This causes stagnant or weak wind conditions most of the time. In a recent 
summary of urban climate research in Iran, the city was labelled ‘one of the worst cities in the world in terms of air 
pollution’ (Azizi, 2005).  
 
Since the height difference between the city center of Tehran and the highest peaks of the Elburz mountains is 
more than 3000 m, numerical simulations of flow fields and pollutant transport have to be carried out carefully to 
account for the mountain effects. Models using a transformed vertical coordinate are not well suited for such a 
steep topography. The mesoscale model CLIMM (Eichhorn et al., 1997), however, is predestined for this task due 
to its method of incorporating the topography.  
 
The horizontal grid resolution of the mesoscale simulations will not be finer than ~ 0.5 km. Therefore, to gain more 
detailed information at places of interest, additional microscale simulations will be performed using the obstacle 
resolving model MISCAM (Eichhorn, 1996). 
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2. THE NUMERICAL MODELS   
 
2.1. CLIMM 
 
The mesoscale model CLIMM (Climate model Mainz) solves the three-dimensional equations of motion, the heat 
equation and transport equations for water vapor as well as pollutants on a Cartesian grid. Use is made of the 
anelastic Boussinesq approximations, requiring the solution of a Poisson’s equation for pressure perturbations in 
addition to the prognostic equations. For turbulence closure the level 2.5 model by Mellor and Yamada (1982) is 
adopted. Recently the model has been extended by implementing an LES turbulence scheme (Reinert, 2005). 
 
Topographic effects are accounted for by the method of viscous topography (Mason and Sykes, 1978). In this 
method the atmosphere and the ground are treated as two media of vastly different viscosities. An interpolated 
viscosity is introduced for grid cells which are intersected by the earth’s surface. To compute this viscosity it is 
assumed that the shear stress within the interpolation layer is constant. The method is preferable to terrain 
following coordinates since no restrictions have to be met as far as the slope of the terrain is concerned. 
 
The numerical solution of the prognostic system is carried out using a predictor-corrector scheme (MacCormack, 
1969) for momentum advection and the scheme proposed by Smolarkiewicz and Grabowski (1989) for the 
advection of scalar quantities. The diffusion equations are solved by an ADI procedure (Douglas and Rachford, 
1956). For the pressure equation the IGCG method (Kapitza and Eppel, 1987) is adopted. 
 
 
2.2. MISCAM 
 
Basically, both the mesoscale model CLIMM as well as the microscale model MISCAM (Microscale climate and 
air Pollution model) make use of the same set of equations. The latter model, however, allows the explicit 
inclusion of rectangular building structures by assigning each grid cell either to the air or to buildings. The model 
adopts a k-ε turbulence closure and uses a simple red-black SOR procedure to solve the pressure equation, 
allowing it to be run on standard personal computers. Otherwise the same numerical schemes as in CLIMM are 
used. 
 
MISCAM will be nested into the CLIMM domain, using results of the mesoscale model as initial values. With a 
horizontal extension of up to 1 km, the MISCAM domain will typically cover one grid cell or a square of 2 x 2 grid 
cells of the mesoscale model. 
 
 
3. FUTURE ACTIVITIES 
 
We will present at the conference a series of wind and dispersal simulations carried out with the mesoscale model 
CLIMM as well as exemplary runs of the microscale model MISCAM. Also, first results of the measurements, 
which will be carried out at different locations within the city as well as mountain stations, are expected to be 
available in time to be shown at ICUC 6. For a later stage of the project the implementation of a chemistry model 
into CLIMM is planned.  
 
References 
Azizi, G., 2005. Country report – Urban climate research in Iran. IAUC Newsletter, 13, 4-7. 
Douglas, J., Rachford, H., 1956. On the numerical solution of heat conduction problems in two or three space 
variables. Trans. Amer. Mat. Soc., 82, 421-439. 
Eichhorn, J., 1996. Validation of a microscale pollution dispersal model. In: Air pollution modelling and its 
application IX. Plenum Press, New York, 708pp. 
Eichhorn, J., Cui, K., Flender, M., Kandlbinder, T., Panhans, W.-G., Ries, R., Siebert, J., Trautmann, T., Wedi, N., 
Zdunkowski, W.G., 1997. A three-dimensional viscous topography mesoscale model. Beitr. Phys. Atmosph., 70/4, 
301-317. 
Kapitza, H., Eppel, D.P., 1987. A 3-d Poisson solver based on conjugate gradients compared to standard iterative 
methods and ist performance on vector computers. J. Comp. Phys., 68, 474-484. 
MacCormack, R.W., 1969. The effect of viscosity in hyperverlocity impact cratering. AIAA paper, 69-354. 
Mason, P.J., Sykes, R.I., 1979. Three-dimensional numerical integrations of the Navier-Stokes equations for flow 
over surface mounted obstacles. J. Fluid Mech., 91, 433-450. 
Mellor, G.L., Yamada, T., 1982. Development of a turbulence closure model for geophysical fluid problems. Rev. 
Geophys. Space Phys., 20, 851-875. 
Reinert, D., 2005. Umbau des mesoskaligen Modells CLIMM zu einem LES-Modell. Diploma thesis, University of 
Mainz. 
Smolarkiewicz, P.K., Grabowski, W.W., 1989. The multidimensional positive definite advection transport 
algorithm: nonoscillatory option. J. Comput. Physics, 86, 355-375. 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

676



MOBILE MEASUREMENT METHOD TO GRASP ENVIRONMENTAL THERMAL 
DISTRIBUTION IN URBAN AREA 

Tomoko HASEGAWA*, Masaki NAKAO**, Minako NABESHIMA*** and Masatoshi NISHIOKA*** 

Osaka City University in Japan 

 

Abstract 
 

Environmental thermal distribution in urban area can be efficiently measured by using a moving vehicle equipped 
with Sensor and GPS.  In this paper, we define the thermal environment as combination of surface temperature of 
the road air temperature, solar radiation and infrared ray radiation.  

The mobile measurement can be executed by collecting the environmental data from the four sensors and the 
location information from GPS receiver equipped in a car.  While mobile measurement allows us efficiently and 
effectively to obtain relevant information from numerous spatial points compared to non-mobile measurement in 
fixed location, resultant sensing time lag (time constant) of each sensor may cause measurement error of the space 
distribution data as the sensors in a car move in the space.  

In order to increase the measurement accuracy, we formulate a mobile measurement model consisting of the two 
parameters which are the time constant of each sensor and the speed of the vehicle.  We then carry out an 
experiment using the model to verify that the measurement error is decreased. Furthermore, we make the guideline 
for the most suitable combination of the moving speed of the vehicle and the sampling time interval   according to 
the individual requirement for maximum frequency (cut off frequency) of spatial thermal distribution and the sensing 
time constant.  

 
Key words: UHI, mobile measurement, measurement error, spatial frequency 
 

1. INTRODUCTION 

Environmental thermal distribution in urban area is measured by sensor installed in an automobile vehicle while 
collecting position information from GPS.  

It is necessary to observe and collect data for a wide area in a short time to minimize fluctuation of environmental 
thermal distribution during the observation time.  It is also necessary to move the vehicle as quickly as possible. 
However, possibility of measurement error occurring might get higher when one drives the measurement vehicle in 
high speed. Hence, we decided to analyze the mechanism as to why such an error might occur and pinpoint the 
factors behind measurement errors, such as the moving speed of sensor, so that we can formulate a mathematical 
model to help solving the dilemma.  
  

2. MEASUREMENT ERROR IN MOBILE MEASUREMENTS 

The mobile measurement of the heat environment is experimented in Osaka city in August 2005. The average 
speed is 24km/h. Because the infrared ray-measuring instrument had sensing time lag, measurement data might 
include measurement error. We assumed the followings.  

       sensor  Xo                             X

output
input

error

te
m

p
re

tu
re

 
Figure 1 Image of the measurement error in  
mobile measurements 
 
 

Department of Urban Engineering, Osaka City University in Japan 

Table1 measuring instrument and 
time constants 

measuring instrumenttime constant�@[sec]
Infrared rays radiation 6.4

solar radiation 2.0
Radiation temperature 0.3
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Figure 1 shows image of the measurement error in mobile measurements. Sensing time lag and delay in the 
operating processing of GPS receiver are thought to be the error factors. The latter is caused by inevitable 
processing time taken from the reception of the satellite radio wave to the recording of the location data. As the 
processing time is constant, location error caused by GPS processing delay can be corrected by adjusting the length 
information calculated by speed and processing time.  

 
3. MODEL OF MOBILE MEASUREMENT SYSTEM 

We approximate the step response of measuring instruments to the first-order lag system. Table1 shows 
measuring instruments and their time constant. A time constant expresses a reply speed of a measuring instrument. 

A sensor moving at a constant speed in a space is analyzed. It is assumed that the spatial thermal distribution is 
fixed in the space. Function (1) in time axis is converted to function (2) in the space axis. When a sensor moves at a 
constant speed and measures spatial distribution, the output signal from the sensor is a convolution of the space 
weighting function (2) and the space distribution function behind the sensor.   
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4. THE MODEL EXAMINATION 

The examination of the model h(x) is carried out for the measurement experiments. The result f(x) at the quite 
low-speed measurement can be considered as almost equal to the true spatial distribution. Delay of the operation 
processing of GPS is corrected. f(x') is the input signal to the mobile measurement system. 

The result g(x) of the high-speed measurement is corrected. The corrected result g(x') is the output signal from the 
measurement system. A discrete system is identified from the input f(x') and the output g(x'). 

On the other hand, model function (2) is converted into the discrete system (3). Its parameter is a time constant of 
measuring instruments and a speed. A step input is given to both systems. A discrete system (3) introduced from 
theoretical model h(x) is compared with the identified model from the input f(x') and the output g(x').Figure 2 shows 
model comparison flow. 

slow speed
measurments f(x)

higt speed
measurments g(x)

System identification

responses f(t) ¥¥(1)

H (T,V,µ)¥¥(4)

discrete  system (T,V)¥¥(3)

model h(x)¥¥(2)

step responses  comparison

Measurement experiment

Correction

input  f(x') output g(x')

Fourier transform

 

Figure 2 Model examination flow  

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 
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4.1 Measurement experiment 

The measurement method is examined on the straight road adjacent to Osaka City University during daytime from 
the12th to 14th in October 2005. The speed is kept constant. The sampling interval of GPS is 1 second. Solar 
radiation, infrared ray radiation and the road temperature are measured at every 0.2 seconds.  

The examination is carried out four times with different speed such as 5km/h, 10km/h, 20km/h, and 40km/h. The 
delay of the operation processing of GPS is corrected, and the result of the measurement at a speed of 5km/h shows 
the true value of space distribution, and therefore assumed to be the input signal to the system.  

 
4.2 Model identification  

The result of the measurement examination is interpolated at equal distance intervals, and we got data in 2000 
points. The step responses from both systems are obtained. Figure 3 shows the step response from the measuring 
instrument of solar radiation. There are a few error margins between the step responses from both systems in the 
result at 10 km/h and 20 km/h. In the result at 40 km/h, both systems correspond well. The positional measurement 
error of GPS and the delay of the operation processing are considered as the error factor. The analysis of the error 
margin will be examined in the future. 
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Figure 3  Step response from the measuring instrument of solar radiation 

5. IMPROVEMENT OF MEASUREMENT ACCURACY BY REVERSE-SYSTEM 

A reverse-system is made from the discrete system, and the space distribution is presumed from the result of the 
measurement at 40km/h by using the system, and accuracy is improved (Figure 4). Values of the points nearby are 
averaged so that the result of presumption has a great vibration. Measurement result at 5km/h and the presumption 
value are corresponding well.  
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Figure 4 Space distribution of solar radiation presumed from the result of the measurement at 40km/h by 

using reverse-system 
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6. EXAMINATION TECHNIQUE OF MEASUREMENT CONDITIONS IN MOBILE MEASUREMENTS 

Function (2) is Fourier-transformed into function (4). Cut off spatial frequency of thermal distribution with the 
system is shown by function (5). Function (5) is transformed into function (6) and function (7). Function (6) shows the 
condition of speed and function (7) shows the condition of sampling intervals. Figure 5 shows measurement 
condition in the measuring instruments. 

Flow of mobile measurement process (planning technique of the measurement condition and improvement 
technique of the measurement accuracy) is shown in Figure 6.  
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Figure 5 Measurement condition          Figure 6 Flow of the mobile measurement process 
(speed, sampling intervals)                        

 

7. CONCLUSIONS 

The error factor of the space distribution according to the mobile measurements is studied, and the measurement 
principle is formulated. Model is made, and identified by the actual observational data.  

The relationship among spatial frequency, speed, and sampling interval is clarified from the response 
characteristics of measuring instrument, and the measurement process is proposed. Moreover, a detailed space 
change is presumed by a reverse-system, and the accuracy of the environmental thermal distribution is improved.  
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Abstract 
 
A special material for pavement, “Katsuren Travertine” is produced from limestone (foraminifera rich) mined 
around Katsuren Town in the Okinawa Island. One advantage of “Katsuren Travertine” as a paving material 
comparing with others like concrete is saving the increase of surface temperature by solar radiation. The authors 
have settled “Katsuren Travertine” and comparative normal concrete blocks on a flat grassland with no sunshade, 
and monitored surface temperature, conductive heat flux, radiation balance, and other meteorological factors. As 
another comparative study, the high-albedo painting which fitted a color tone and a reflection rate to “Katsuren 
Travertine” were applied on the surface of the concrete. The authors concluded the high reflectance and thermal 
physical factors like heat capacity of “Katsuren Travertine” have potential to mitigate urban thermal environment.  
 
Key words:  Travertine, pavement, heat balance 
 
 
1. INTRODUCTION  
 
A special material for pavement, “Katsuren Travertine” is produced from limestone (foraminifera rich) mined 
enough around Katsuren Town in the Okinawa Island. One advantage of “Katsuren Travertine” as a paving 
material comparing with others like concrete is saving the increase of surface temperature by solar radiation. To 
apply this “Katsuren Travertine” on pavement in urban area for thermal environmental mitigation, the saving 
mechanism has to be quantitatively evaluated.  
 
2. OUTLINE OF MONITORING 
 
The authors have settled “Katsuren Travertine” with the size of 5m x 5m and comparative normal concrete blocks 
on a flat grassland with no sunshade in the National Institute for Environmental Studies (Onogawa, Tsukuba, 
Ibaraki, Japan), and monitored surface temperature, conductive heat flux, and radiation balance (Fig.-1, Fig.-2, 
Fig.-3, Fig.-4). Moreover, a DAVIS weather station was settled near both blocks for measuring representative 
meteorological factors at the monitoring site (Fig.-5). The temperature measured by DAVIS is defined to 
“background temperature.” This observation was conducted from 0:00 July 10th to 23:00 September 8th in 2003. 
18 days out of 61 days were selected as typical fine day under the conditions of daily precipitation is 0 mm, 
maximum radiation an hour is equal or over 500 W/m2, and total radiation an hour is equal or over 4000 W/m2. 
 

 
Fig.-1   Outlook of monitoring site (left) 

Fig.-2   Surface of “Katsuren Travertine” (1m x 1m unit located at the center of specimen) (middle) 
Fig.-3   Concrete blocks (5m x 5m) as a control run (right) 

 

  
Fig.-4   Measurement of radiation balance above the specimens (left) 

Fig.-5   Locations of two specimens and a DAVIS weather station (right) 
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3. MONITORED RESULTS ON CONCRETE AND TRAVERTINE 
 
Fig.-7 shows that heat flux (G) of concrete, from bottom of specimen to soil, changes to positive after 8:00 as heat 
of solar radiation is carried from surface to bottom of specimen. This hear flux changes to negative again when 
temperature at the bottom of specimen becomes lower than soil temperature after 19:00. On the other hand, heat 
flux (G) of “Katsuren Travertine” shows only small diurnal variability. During daytime, increase in temperature of 
“Katsuren Travertine” is small and heat flux (G) from bottom of specimen to soil is also small. Then, it is 
considered that soil under the concrete storages large heat and its heat returns to the concrete again at night. 
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Fig.-6   Comparison of temperatures inside specimens in fine days (left) 

Fig.-7   Comparison of conductive heat flux at the bottom of specimens in fine days (right) 
 

 
Sum of upwarding sensible heat flux from specimens to air (H) and heat storage inside specimens (Q) is 
considered to be equal to net radiation balance (Rn) deducted conductive heat flux at the bottom of specimens (G) 
as shown in Eq. (1) under the assumption of no heat transportation to horizontal direction and no latent heat 
transportation exist around the specimens. This is called Rn -G. 
 

H +Q = Rn -G                                  (1) 
 

 
Fig.-8   Comparison of Rn -G in fine days 

 
Compared to “Katsuren Travertine”, concrete receives larger heat, approximately 40-50 W/m2, as net radiation 
(Rn) and conducts larger heat flux (G), approximately 70-80 W/m2, from bottom of specimen to soil from 12:00 to 
14:00. As this result, shortage of energy (Rn -G), approximately 20-35 W/m2, which should be divided into 
upwarding sensible heat flux from specimen to air (H) and heat storage inside specimen (Q), is considered (Fig.-
9). On the other hand, upwarding sensible heat flux (H) from concrete is expected to be larger than that from 
“Katsuren Travertine” from comparison between temperatures inside specimens at 1cm depth, which is 
considered to be close to the surface temperature of specimens, and  “background temperature.” Moreover, 
direction of heat flux at the upper part of the specimens, which is estimated from temperatures at two depths of 
the specimens, is considered to be downward during these hours (Fig.-6). Therefore, during these hours, heat 
storage inside specimen (Q) of “Katsuren Travertine”, which has small conductive heat flux (G), is expected to 
increase. Then, “Katsuren Travertine” is considered to have larger heat storage (Q) than concrete. However, 
temperature inside “Katsuren Travertine” is lower than that of concrete. This result shows heat capacity of 
“Katsuren Travertine” is considered to be larger than that of concrete. 

Travertine  
Concrete  

 
Travertine  

 
Concrete   
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Since “Katsuren Travertine” has small conductive heat flux (G) compared with Rn -G during nighttime, its heat 
storage (Q) seemes to decrease as heat flux at the upper part of the specimen becomes upward, and surface 
temperature also seemes to decrease reffering to the change in temperature inside specimen at 1cm depth. 
Because of the relation with “background temperature”, upwarding sensible heat flux (H) from the surface of  
“Katsuren Travertine” is lower than that of concrete and its Rn -G changes slowly. “Katsuren Travertine”, therefore, 
seems to radiate energy storaged inside specimen (Q), which is accumulated during daytime, as upwarding long 
wave radiation. 
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Fig.-9   Comparison of net radiation balance (Rn), conductive heat flux at the bottom of specimens (G) in fine days,  

Rn -G 
Concrete (left)   Travertine (right) 

 
4. COMPARATIVE MONITORING ADJUSTING REFLECTION RATE OF CON CRETE TO TRAVERTINE’S 
 
For investigating the mechanism of mitigation effect on surface temperature increase of specimen, the high-
albedo painting which fitted a color tone and a reflection rate to “Katsuren Travertine” were applied on the surface 
of the concrete. This observation was conducted from 0:00 November 1st to 23:00 November 26th in 2003. 
Relationship between both specimens revealed in summer observations is confirmed in this observation even 
though order of values like temperature is different. Then, the authors concluded that not only high reflectance but 
also thermal physical factors like heat capacity of “Katsuren Travertine” have potential to mitigate urban thermal 
environment. 
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Fig.-10   Comparison of temperatures inside specimens in fine days (left) 
Fig.-11   Comparison of conductive heat flux at the bottom of specimens in fine days (right) 
Both figures show the results in case of adjusting reflection rate of concrete to Travertine’s. 
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Fig.-12   Comparison of Rn -G in fine days 

Result in case of adjusting reflection rate of concrete to Travertine’s. 
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Fig.-13   Comparison of net radiation balance (Rn), conductive heat flux at the bottom of specimens (G) in fine 

days, Rn -G 
Concrete (left)   Travertine (right) 

Result in case of adjusting reflection rate of concrete to Travertine’s. 
 
5. CONCLUSIONS 
 
A special material for pavement, “Katsuren Travertine” is produced from limestone (foraminifera rich) mined 
enough around Katsuren Town in the Okinawa Island. One advantage of “Katsuren Travertine” as a paving 
material comparing with others like concrete is saving the increase of surface temperature by solar radiation. To 
apply this “Katsuren Travertine” on pavement in urban area for thermal environmental mitigation, the saving 
mechanism has to be quantitatively evaluated. The authors have settled “Katsuren Travertine” with the size of 5m 
x 5m and comparative normal concrete blocks on a flat grassland with no sunshade, and monitored surface 
temperature, conductive heat flux, radiation balance, and other meteorological factors from July to November in 
2003. As another comparative study, the high-albedo painting which fitted a color tone and a reflection rate to 
“Katsuren Travertine” were applied on the surface of the concrete. The authors concluded the high reflectance 
and thermal physical factors like heat capacity of “Katsuren Travertine” have potential to mitigate urban thermal 
environment. More examination is necessary about the physiological impact for pedestrians of the application. 
 

  
Travertine  

 
Concrete  
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ANALYSIS OF URBAN CLIMATE AND DETECTION OF URBAN CL IMATE 
CHANGE IN THE CITY OF AACHEN OVER A 30-YEAR PERIOD – 

TEMPERATURE VARIATION AND TRENDS IN COMPLEX TERRAIN  
 
 

Gunnar Ketzler1*, Christoph Schneider*, Dieter Havlik*, Gerhard Peschel** 
* RWTH Aachen University, Physical Geography and Climatology, ** City of Aachen, Environmental 

Administration 
 
Abstract 
 
Since the 1970s, the City of Aachen has been the subject of several urban climate studies which have, in many 
cases, led to consideration of climate aspects in urban planning. Key methodic results from this period are 
presented in this paper: a new evaluation tool for temperature time-series using warming and cooling rates to 
identify thermal urban effects and a special measuring program for tethered balloons. Thermal effects as a result 
of changes in land use and building structure in this period as well as relief effects are discussed. 
 
 
Key words:  Urban climatology, urban heat island, topoclimatology  
 
 
1. INTRODUCTION  
 
The City of Aachen (Germany, 250,000 inhabitants) is located between the north-west German lowlands and the 
Eifel highlands (Rhenish Slate Mountains). The city center is situated in a small basin about 10 km in diameter, 
located at an altitude of about 160 m above sea level. This basin is subdivided by shallow valleys and ridges. Hills 
southwest of the city center (“Aachener Wald”) reach an altitude of about 350 m above sea level. The surrounding 
landscape consists mainly of an undulating plain at about 180 - 270 m above sea level, which rises gently towards 
the Eifel highlands in the southeast. Thus, urban climate variations in Aachen are superimposed by relief effects.  
 
As early as the 1970s and as one of the first cities in Germany, Aachen was the subject of a systematic and 
applied landscape-ecological investigation, including an analysis of urban climate. In the 1980s and 1990s, 
numerous case studies on possible changes due to newly planned building structures were carried out. In the 
years 1998-2000 a new city-wide urban climate investigation was carried out in Aachen, in which standard 
ground-based measurements were combined with remote sensing methods (details on the investigation and the 
regional climate of the area in Havlik and Ketzler, 2000).  
 
In this paper, methodic results of these studies are presented with a focus on existing problems related to the 
evaluation of urban-rural temperature differences. Firstly, results from a newly developed analysing procedure for 
the evaluation of Stevenson screen and similar temperature time-series are shown. Secondly, data from simulta-
neous tethered balloon measurements above urban and rural sites and above suburban valleys are discussed. 
 
 
2. EVALUATION OF URBAN AIR-TEMPERATURE DATA FROM TEMPORARY W EATHER STATIONS 
 
In North Rhine-Westphalia, especially in the 1990s a large number of applied urban climate investigations (“urban 
climate analyses”) were carried out. The authors of this article participated in several of these, e.g. for the cities of 
Moers, Gladbeck, Düsseldorf and Aachen. The key methodical aspects concerning the evaluation of data from 
temporary temperature measurements, like the ones that were carried out in these applied investigations, are 
published by Stock (1992). Some problems here led to a new approach in the evaluation of similar data. 
 
2.1 Urban-Rural Temperature Differences 
 
The concept of characterising the urban heat island by urban-rural temperature differences implies uncertainties. 
Even careful evaluations in many cases cannot ascertain the kind of conditions the specific measuring sites in the 
corresponding measurement period represent. Although long-term trends in records from permanent weather sta-
tions may be obvious, variations between neighbouring stations can be quite irregular. In an investigation 1992 – 
1994, temperature differences between urban stations and a rural station in Aachen proved to be significantly 
smaller than they were in the period 1971 – 1974. Generally, however, the regional urban-rural differences had in 
fact increased in Aachen over this 20-year period. Although no changes in land use had taken place, the corres-
ponding rural station was no longer 'rural' (see below); by 1990 it had come into the reach of the urban heat 
island. 

                                            
1
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This prompted the idea of developing Oke’s urban heat island model from the 1970s (c.f. Oke, 1978) further (see 
Fig. 1). Temperature effects, which are connected to the terms “cliff”, “plateau”, “peak”, can be interpreted as 
effects of the nearby surroundings. The city as a whole also produces cumulative urban effects, which generate a 
sliding base warming. Outside the “cliff”, it is difficult to detect whether a site is “really” rural or just situated in what 
could be characterised as a “hinterland” or an elevated “shelf” in what Oke (1978, p 255) called "... the cool 'sea' 
of the surrounding landscape". In complex terrain, these “waves” in the “cool sea” produce significant variability as 
outlined above. Using distant stations cannot improve the result either, since the regional variance in the data 
would increase through this. 

 
 

Fig. 1: Urban heat island model (Oke, 1978, above part) extended with cumulative effects (Ketzler, 1997) 
 
 
2.2 Warming and Cooling Rates 
 
In order to derive an easier and more satisfactory method of identifying thermal urban effects, a new analysis 
procedure for Stevenson screen and similar temperature time-series was developed (Ketzler, 1997). This is 
based on the analysis of temperature change rates (i.e. warming and cooling rates), which were hitherto only 
used in a few cases and for other purposes (Oke and Maxwell, 1975). This method is based on the idea that the 
entirety of all sequent e.g. hourly temperature differences forms a dataset which represents the hourly sensible 
heat flux into an air volume (in the corresponding height) and, thus, contains a major part of the overall 
information about thermal surface-air interaction.  
 

 
 
Fig. 2: Urban-rural temperature differences relative to the same rural station in two different periods (left) and 
corresponding changes in warming and cooling rates indicating increasing urban effects (right; after Ketzler, 
1997) - mean maximum warming and cooling rates, change between 1971-1974 (large symbols) and 1992-1994 
(small symbols), square: city center (station AU; black, station FA:grey), triangle: suburban (DWD station), cross: 
former rural station (SC) 
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Mean daily courses of temperature change rates (e.g. for months or even years) can be subdivided into several 
phases of accelerated energy exchange. The phases can be characterised by different values, among others by 
extreme values of mean daily courses. Temperature change rates derived according to this method show good 
correlation with local-scale building structures as indicated e.g. by the H/W-ratio. The method allows a 
classification of sites influenced by urban building structures which is very similar to the one OKE (1988) deduced 
from flow patterns postulated as being caused by typical urban building structures. In addition, these variables 
can indicate indirect urban effects and proved to be relatively impervious to year-to-year-variations and are, thus, 
considered more suitable for the detection of urban thermal effects.  
 
Fig. 2 (left) illustrates the afore mentioned problem with urban-rural temperature differences: the rural station 
(“SC”) is no longer “really” rural and trends of urban-rural temperature differences based on this station are 
unreliable. They tend to underestimate the urban effect. However, the temperature change rates (Fig. 2, right) 
indicate a – realistically – moderate change towards more intense urban effects for the two urban and one 
suburban stations, while the “rural” station has clearly changed into a “suburban” site. It is noteworthy that in three 
of the four cases (including the rural station “SC”) changes in the direct surroundings were absent; major changes 
in Aachen had rather taken place in the form of increased building development at the windward side of the city. 
Thus, the detected changes must be attributed to cumulative urban effects. 
 
 
3. TETHERED BALLOON MEASUREMENTS 
 
In 1998 and 1999 three field measurement studies were carried out in cooperation with the Universities of Essen 
(Abteilung Landschaftsökologie, Kuttler) and Trier (Abteilung Klimatologie, Helbig). These included simultaneous 
tethered balloon measurements not only in the city centre and at a rural site, but additionally in suburban valleys 
using compact sondes (Havlik and Ketzler, 2000). Here, the data are to be analysed with special regard to 
variations of the rural-urban vertical thermal structure caused by - moderate - differences in altitude. 
 
3.1. Instruments, measurements and locations 
 
The instruments used were one 4 m³ and one 15 m³ tethered balloon with sensors for wind speed, wind direction, 
temperature and humidity (Universities Essen and Trier) and one respectively two compact tethered balloon 
sondes (0,25 m³) with a temperature sensor and indirect measurements of wind speed and wind direction (RWTH 
Aachen University; Havlik and Ketzler, 2000). The full size balloons were used in the city centre (at a small park) 
and at a rural site (10 km SE of the city centre and about 2 km from the next suburb). Balloon ascents were car-
ried out every half respectively full hour throughout the whole night. The – mobile - compact sondes were used at 
different locations in small suburban valleys with cold air drainage flow directed towards the city centre. Here, 
some of the balloon ascents were carried out continuously throughout the whole night and others at different 
intervals.  
 

 
Fig. 3: Vertical thermal structure above a city in complex terrain; data from tethered balloon measurements above 
the city centre (dark grey), a rural site (light grey) and a suburban valley (black) – evening situation 1 and 3 hours 
after sunset, Aachen, 8/8/1998; in addition: wind speed and direction for selected heights above ground level. 
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The site in the city centre (“Elisengarten”) is located at a height of 168 m above sea level, the rural site (“Sief”) at 
265 m, the sites in the suburban valleys at 172 m (“Wildbachtal”) and between 195 m and 220 m above sea level. 
Within a radius of about 50 m all sites are located on a grassy area with few trees nearby. The buildings in the 
centre of the City of Aachen are mostly about 20 - 25 m high. 
 
 
3.2. Results 
 
The urban-rural vertical thermal structure as represented by the evening situation of 8/8/1998 (Fig. 3) is 
dominated by a massive temperature inversion over the rural site and approximately adiabatic stratification over 
the city centre. The corresponding temperature differences at ground level are 6 K (1 h after sunset) and 4 K (3 h 
after sunset) as compared with 3.5 K and 2 K on 31/3/1999 as well as 9 K and 8 K on 26/5/1999. In contrast to 
this, the vertical temperature gradients and the absolute temperatures at greater heights are very similar. 
However, the differences in ground level temperature between the city centre and the suburban valley 
“Wildbachtal” are significantly larger (9 K and 6.5 K). Thus, in a 3D view of a city in complex terrain, the contrast in 
the vertical structure is not necessarily largest between the city center and a typical rural site; suburban valleys 
can generate significant anomalies. The change in wind direction (Fig. 3) between the ground layer and larger 
heights clearly indicates the cold air drainage along the topography of the small valley. 
 
Carrying out three field measurement studies and using mobile sondes made it possible to compare the vertical 
urban-rural contrast with different suburban valleys and in different weather conditions. In three nights (8/8/1998, 
31/3/1999 and 26/5/1999) the inversion over four suburban valleys in the evening proved to be between 3 K 
stronger and 4 K weaker than over the rural site. In one case (“Dorbachtal”), the inversion was 1.5 K stronger on 
31/3/1999 and 4 K weaker on 26/5/1999. Accordingly, suburban valleys can not only produce stronger urban-rural 
differences in stratification than typical rural sites, the variabilty of these differences seems to be larger, too. 
 
 
4. CONCLUSION 
 
Urban-rural thermal structures can be distorted by different effects. In a medium-sized city in complex terrain like 
Aachen they may even be superimposed in a similar order of magnitude. As measurements at (temporary) 
stations are little representative in space (and not at all in height) and vertical measurements are generally little 
representative in space (and not at all in time), it is of lasting interest to be aware of and minimize such effects. 
 
If the rural site is located on a relatively high relief position, the ground inversion here will be less pronounced. In 
contrast to this, even small suburban valleys can produce ground inversions which are much stronger than in the 
rural surroundings. Thus, simultaneous measurements over the city and the rural surroundings represent the 
overall urban-rural variations in complex terrain much better when they are combined with measurements over 
suburban valleys. For corresponding measurements in small relief structures compact tethered balloons have 
proved suitable. A consistent pre-selection of potential relevant valleys is useful, as can be performed by a newly 
developed GIS-based method using IR-data and reference areas. 
 
As shown above, the urban-rural differences of mean temperatures from temporary stations may contain 
ambiguous information as urban thermal impacts can be cumulative and are, thus, not narrowly limited. Serious 
underestimation of the urban heat island may be the consequence. The proposed method using warming and 
cooling rates serves (amongst other things) to detect hidden urban effects. As hourly temperature measurements 
are standard in climatology and data are available from a huge number of cities, it would make sense to seek 
further methods for analysing these data. In the near future, new comparing measurements are planned in 
Aachen, starting with a repetition of hourly temperature measurements around a new building complex in the city 
center and including the evaluation of Stevenson screen measurements from the 1890s. 
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Abstract 
 

The Cheonggye stream of central Seoul in Korea was successfully restored in September 2005, which had 

been covered with cement for about 50 years: its restoration taking 26 months and 386 billion won to 

complete. The Cheonggye stream runs 5.8 km through central Seoul. The restored Cheonggye stream is 

expected to affect urban atmospheric environment to some extent, initiating our research project to identify 

its influence. To monitor and examine urban climate change by the restoration of the Cheonggye stream, 

long-term routine meteorological monitoring system, including automatic weather stations and temperature 

and humidity measuring instruments, was constructed. Especially, intensive observations had been made 

with temperature and humidity instruments, net radiometer, sonic anemometer, and scintillometer to 

quantify urban climate change. The post-restoration monitoring will be carried out until 2006. From these 

routine and intensive observations, we observe changes in urban climate with respect to land-use changes.  

 

key words: Cheonggye stream in Seoul, restoration, urban climate change,  

 

1. INTRODUCTION 

 

Parks and green areas are known to mitigate urban heat island and create urban cool islands. Their effect 

is most significant during daytime in cities located in temperate and tropical climatic zones (Oke, 1989; 

Eliasson, 1996; Spronken-Smith and Oke, 1998). In the vicinity of water bodies, two main processes take 

place. One is related to evaporation, and is expressed in both an increase in humidity and a reduction in 

temperature due to latent heat absorption. Another one is related to sensible heat transport between the 

air and the underlying water. If the water is cooler than the air as is the case during the daytime, especially 

under hot weather conditions, the effects is expressed in a temperature drop. If the moisture content of the 

air remains unchanged, the decrease in temperature implies an increase in relative humidity. The rate of 

evaporation depends on solar radiation intensity, temperature and relative humidity, while that of sensible 

heat transfer depends on the temperature difference between the air and the water. The wind effect on 

these processes is rather complicated and these reliving effects water and green areas on urban climate 

are investigated in this study. 

Urban environment has shown the different characteristics with the natural environment due to the 

changes of urban surface and anthropogenic activities. To investigate this urban environment, various 

observation and research have been attempted. However, there is no case study such as large inner-city 

river restoration project (i.e. the restoration of the Cheonggye stream in Seoul) in the world and analysis 

about urban climate change according to the Cheonggye stream restoration is requested. Due to the 

difficulty in the exact analysis using the simulation by the several established urban-scale or regional-scale 

model and importance in obtaining the observational data in target area, the diagnosis of detail 

meteorology and the verification of the mitigation of urban heat island in Seoul will be the valuable 

research achievement. Accordingly, It is needed to verify the mitigation effect of thermal environment by 

the restoration of Cheonggye stream throughout continuous meteorological monitoring of before and after 

Cheonggye stream restoration and analysis quantitatively the effect on the construction of stream and 

green space. The purpose of this study is to investigate the urban climate change by Cheonggye stream 
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restoration and quantify its effects. 

 

2. THE EXPERIMENTAL SETUP 

 

Ordinary observations and intensive observations were performed. Ordinary observations have been 

carried out in Cheonggye stream and its nearby area from 19 June 2003 to the present time. The locations 

of meteorological instrumentation are deployed to characterize the evolution of the urban climate change 

by Cheonggye stream restoration in Seoul are depicted in Fig. 1. Two (Soongsin; A1 and Sungdong; A2) 

primary schools are equipped with Automatic Weather Stations (AWSs), where meteorological element of 

air temperature, precipitation amount, wind direction, wind speed, and air pressure are continuously 

measured, and 14 instrument shelters of elementary schools (P1~P14; red triangles), and south direction 

of 13 trees along the line shaped street traversing Cheonggye stream (R2; pink dots) are also equipped 

with the portable thermo-hygrometers (HIOKIs), at 2 m above ground level, to observe air temperature and 

relative humidity.  

 

 

Fig. 1. Meteorological observatories in the Cheonggye stream area. 

 
First intensive observation was executed 2 times of from 19-26 June, and from 11-17 August 2003, second 

was 1 time from 9-15 August 2004, and third was 2 times of from 8-12 August, and from 22-30 September 

2005. The instrumentation was mainly deployed along the North-South axis of the city, roughly parallel to 

the Cheonggye stream (S1). Net radiometer (CNR1) and 3-dimensional sonic anemometer (CSAT3) were 

fixed to measure the net radiation energy and the wind speed and direction at above 1.2 m altitude of 

Cheonggye stream surface and Scintillometer was set to measure the integrated sensible heat flux over 
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the Cheonggye elevated highway of before restoration and the stream of after restoration, with 85 m 

optical path traversing Cheonggye elevated highway and stream. Portable AWS was operated at walks of 

streamside to monitor air temperature, wind speed and direction, and relative humidity. Soongsin primary 

school site is also equipped with mini-SODAR sounding the atmospheric surface layer. 

 
3. URBAN CLIMATE CHANGE AND ITS CHARACTERISTICS 

 

3.1. Change of thermal environment 

 

To analysis the characteristics of urban climate, data for clear day of cloudiness below 50% are used. 

Figure 2a shows that air temperature deviation at each station (P1-P14) between the air temperature at 

P1-P14 in Cheonggye stream area and averaged air temperature in 32 AWSs during the indicated 

observational period. Temperature anomaly in the midst of the restoration construction (10-13 August 

2004) is higher than that before restoration (12-14 August 2003). After restoration (14-16 August 2005), 

this pattern is reversed. The temperature deviation is much lower than in 2003 and 2004. Figure 2b shows 

that air temperature deviation between air temperature at 13 points along the line-shaped street traversing 

Cheonggye stream and 32 AWSs in Seoul. Station number 7 marks the measuring spot within the 

Cheonggye stream. Temperature anomaly within the Cheonggye stream is larger than that in its nearby 

area during the period of the midst of the restoration (10-13 August 2004), however temperature deviation 

within the Cheonggye stream has notably decreased after the restoration (14-16 August 2005). Station-

averaged temperature is 31.6� (29.5�) and averaged temperature at Seoul observatory is 29.5� (28.1�) 

in the period of 10-13 August 2004 (14-16 August 2005), that is, temperature difference is 2.1� (1.4�). 

Consequently, air temperature in Cheonggye stream area is fallen off to 0.7� by the restoration of 

Cheonggye stream. These demonstrate the mitigation of urban heat island in Seoul as that of restoration 

of the Cheonggye stream. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2. Variations of net-radiative energy and sensible heat flux 

 

Figure 3 shows that the variations of the net-radiative energy and surface heat flux before and after 

restoration of the Cheonggye stream. Sensible heat flux is a large component of net-radiative energy 

before restoration, compared with significant drop for the after restoration. As the land cover is changed 
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Fig. 2. Distributions of the air temperature deviation between air temperature of Cheonggye 

stream area and averaged air temperature of 32 automatic weather stations. Each X-axis 

denotes the station number of east-west (14 points) and south-north direction (13 points). 
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 4

from elevated highway covered with asphalt to water body and green area, two main processes, they are 

evaporation and sensible heat transport, take place as I said at the chapter 1. From these reason, we can 

estimate theoretically the temperature difference of before and after restoration from the measured data of 

net-radiative energy and sensible heat flux. The estimated temperature drop by the Cheonggye stream 

restoration is 0.8�, which correspond with the value of the temperature drop (0.7�) by the observation. 

 

3.3. Formation of wind road and characteristic circulation 

 

From the restoration of Cheonggye stream, we could find also the wind effect according to the 

temperature difference between the air and water. When the wind speed is weak, a characteristic local 

circulation is formed above the stream between banks. As the wind speed is strong, wind is observed to 

blow parallel with the stream. As the land cover is changed, modifications of air flow over the Cheonggye 

stream is observed (did not be shown). 
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PARTICLE NUMBER EMISSION FLUXES MEASURED ABOVE THE URBAN 
CANOPY OF CENTRAL MANCHESTER 

C.L. Martin1, I.D.Longley, M.W. Gallagher 
University of Manchester, Manchester, UK 

 
 
Abstract 
 
Urban vertical particle number emission fluxes of sub-micron particles have been measured directly using the 
eddy covariance technique in central Manchester as part of the National Environmental Research Council 
(NERC) CityFlux project. Measurements were made utilising a slender mast on top of one of Manchester’s tallest 
buildings at a height of 90 m in the city centre during summer 2005 and winter 2005-6. A CPC flux system was 
deployed, adapted from a system previously deployed above the city of Edinburgh, Scotland. Analysis indicates 
that the particle number fluxes at the tower site exhibit a clear diurnal cycle that is closely related to the diurnal 
sensible heat flux cycle. There was some dependence of flux upon wind direction and traffic levels. Summer and 
winter datasets have been compared and contrasted, and compared to results from Edinburgh.  
 
Key words: particle number flux, sensible heat flux, diurnal cycles 
 
 
1. INTRODUCTION 
 
Aerosols influence many things in the world around us from obvious visibility issues to climate changes to human 
health.  Urban aerosols in particular have a detectable effect on the mortality and morbidity rates of people living 
and working in cities.  Measurements of the concentrations of aerosols in the urban background and at street 
level have been performed for large cities in the past (e.g. Wehner & Wiedensohler, 2003, Longley et al., 2003, 
Hussein et al., 2004) but it is also of great importance to assess the levels of aerosols rising above the city, which 
may be carried away from the city centre towards suburban residential or agricultural areas, and into the regional 
background.  Dorsey et al. (2002) performed such analysis above the busy city of Edinburgh, Scotland by directly 
measuring particle number emission fluxes from the city centre. CityFlux is a project funded by the UK National 
Environmental Research Council (NERC) and conducted by the University of Manchester and Centre for Ecology 
and Hydrology in Edinburgh. This is a multi-site project of field campaigns measuring aerosol and gas 
concentrations and physico-chemical characteristics and fluxes, which is also described in this conference by 
Longley & Gallagher. A key element of this project is the direct measurement of particle fluxes using the same 
technique and similar instrumentation to that of Dorsey et al. (2002) to observe the processes of ventilation of the 
urban canopy in the City of Manchester over both summer and winter periods. This paper aims to review the 
basic features of the flux data and compare winter and summer data. 
 
 
2. METHODOLOGY 
 
2.1. Experimental Setup 
 
Measurements were conducted over two periods of different seasonal conditions: ‘summer’ June - August 2005 
and ‘winter’ February - March 2006.  Measurements were made using a slender mast on top of Manchester’s 
sixth tallest building, the Portland Tower, at a height of 90m above street level. Particles were drawn down a 
copper inlet pipe turbulently to a condensation particle counter (TSI 3010 in summer and TSI 3025a in winter). 
The pulse output was logged and combined with data from a co-located Solent R3 sonic anemometer (Gill 
Instruments Inc.) to provide 20 Hz fluxes using the eddy covariance technique (Stull, 1988). 
 
2.2. Local Site Influences 
 
The location of Portland Tower is very much in the heart of the city centre, surrounded on all sides by dense 
urban fabric and streets with busy traffic. There are four buildings taller than the Portland Tower that lie in the 
north or north-west fetch between 0.25 and 1 km distant, a zone which also contains a concentration of buildings 
in the range 40 – 60 m high.  Very little data was recorded in this direction, which may be due to sheltering/flow 
diversion due to these buildings. Three more tall buildings have been constructed between the summer and 
winter campaigns in the west-north-west and west-south-west fetches, all ~ 1 km distant.  
 
 
 

                                                 
1 Corresponding author: School of Earth, Atmospheric & Environmental Science, The University of Manchester, PO Box 88, 
Manchester M60 1QD, UK, tel. +44 161 200 8771, claire.martin-2@postgrad.manchester.ac.uk 
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Traffic in Manchester city centre emits 5 t km-2 a-1 of PM10, or 55 % of the total PM10 (UK National Atmospheric 
Emissions Inventory, 2002). Traffic levels are high in Manchester city centre, with Portland Tower being 
surrounded by many busy roads. Immediately north and west of the site are two main roads that are frequently 
congested.  The city centre is completely surrounded by an Inner Ring Road that has the highest traffic flows in 
the central area. 
 
 
3. RESULTS AND DISCUSSION 
 
An important initial consideration when comparing two different seasons is the difference in the meteorological 
conditions2.  For this campaign the winter data displayed an average wind speed of 23% faster than for the 
summer.  The temperatures differed by 13˚C on average.  Initial stability analysis shows a lack of stable 
conditions in general, with near-neutral conditions dominating the atmosphere through both day and night. 
 

Figure 1: Diurnal average particle number flux for winter and summer campaigns. 
 
The main consideration for this campaign is how particle number fluxes vary, both temporally and spatially.  
Figure 1 indicates the clear diurnal cycle of particle number flux for the two seasons.  The summer and winter flux 
cycles follow a similar cycle, in particular rising rapidly in the morning with a gradual decline in the evening.  On 
summer evenings the particle flux peaks unexpectedly between 21:00 and 22:00 local time.  This is an area under 
further investigation to determine the cause; possible explanations include excess particles released from nearby 
restaurants, boundary layer anomalies at this height or other local sources or movement of aerosol layers.  
 

Figure 2: Diurnal average sensible heat flux for winter and 
summer campaigns. 

Figure 3: Diurnal average traffic flow for winter and summer 
campaigns. 

 
The sensible heat fluxes are shown for both seasons in Figure 2.  Both cycles rise in the morning and taper off 
towards the late evening.  The winter data has its peak at midday with a rapid decline after sunset indicating its 
strong correlation with the cycle of the sun.  The summer data appears to start rising later in the morning but this 
can be attributed to the storage of heat in the buildings and urban fabric.  This storage mechanism also helps to 
explain the shift of the peak of the summer heat flux to later in the afternoon and the extension of this peak over 
much later in the night than for the winter data.  It is worth noting that the summer heat flux can be as much as 3 
times higher in the afternoon than the winter heat flux. 

                                                 
2  Campaign sunrise and sunset times:  summer - rise 4:47 to 5:15, set 21:39 to 21:15 (Local time);  
  winter - rise 7:29 to 5:49 (6:49 BST), set 17:17 to 18:39 (19:39 BST).   
 Average wind speed: summer - 4.20ms-1, winter - 5.15ms-1.   
 Average temperature: summer - 19.5˚C, winter - 7.3˚C. 
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The temporal traffic density (Figure 3) shows a morning peak time at around 08:00 - 09:00 local time.  Though this 
indicates that this is the time when a majority of particles may be produced in the city centre, this peak is not 
illustrated in the particle number fluxes at the measurement site for either summer or winter.  The sensible heat 
flux cycle however shares a very similar pattern to the particle number flux indicating that the addition of 
thermally-generated turbulence is required alongside turbulent wind shear eddies to ventilate both the heat and 
particles up to the height of the measurement point. 
 

Figure 4: Average particle number flux vs. wind direction for 
the summer campaign. 

Figure 5: Average particle number flux vs. wind direction for 
the winter campaign. 

 
There is a clear dependency of particle number flux on wind direction.  The summer data initially demonstrated a 
large flux connected with west-north-westerly directions (Figure 4).  However, this appeared in conjunction with 
the majority of the data coming from only this direction (Figure 6) so it was difficult to conclusively relate the two.  
With the additional winter data again there is a dominance of data from this direction but there was also a 
significant amount from north-easterly winds.  The winter data agrees with the summer data that the largest 
particle number fluxes are associated with wind from the west-north-westerly regions (Figure 5).  Whether this is 
due to inhomogeneities in upwind sources of particles or turbulence, the effect of the tower itself on turbulence or 
variations in aerodynamic surface roughness of the area in this direction is under investigation.  Roughness 
length (z0) has been calculated for this data set, and initial analysis suggests it is greater in the west-north-west 
direction than others (~ 2 – 3 m), but this is also under further examination. Although the Portland Tower is 
centrally located the median building height in the west and north-west sectors is significantly higher (~ 18 m 
within a 1 km radius, compared to ~ 12 m for other directions). 
 

Figure 6: Data quantity vs. wind direction for winter and summer campaigns. 
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The most significant difference between this campaign’s data and the Edinburgh SASUA data is the location of 
the measurements in the two projects.  In Edinburgh the measurements were taken from a mast effectively only 
63m high that was situated some distance from the centre of the city.  The Manchester mast is 90m high and is in 
the heart of the city centre giving a much more comprehensive overview of the fluxes in the city.  Particles seem 
unable to reach the height of the Manchester mast without a thermally assisted turbulence, whereas for 
Edinburgh a subsidiary peak coinciding with the morning traffic peak was observed in the particle number flux.  
Aside from this difference, the Manchester and Edinburgh particle number and heat fluxes follow very similar 
diurnal cycles.  As the landscape of the two cities are rather different comparisons in wind direction and land 
roughness will require extensive analysis. 
 
 
4. CONCLUSIONS AND FURTHER ANALYSIS 
 
These campaigns have been a successful initial indication of the differences and similarities of summer and 
winter conditions on particle number flux and heat flux.  Along with the Edinburgh campaign, they have assisted in 
suggesting the behaviour of particles within and around large cities.  Further measurements in this area are 
planned for this year, extending the areas of research to accumulation mode and coarse particles, gas analysis 
and particle composition.  Measurements from additional sites are also designed to include roadside, street level 
and rooftop height.  
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DATA MINING SYSTEM FOR PM10 NOWCASTING  
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*Polytechnic of Turin, Turin, Italy 
 
 
Abstract 
 
The research activity described in this paper concerns the study of the phenomena responsible for the urban and 
suburban air pollution. The analysis is based on the results and methods already developed by the NeMeFo 
(Neural Meteo Forecasting) research project for meteorological data short-term forecasting [1]. The study 
analyzed the air-pollution principal causes and identified the best subset of features (meteorological data and air 
pollutants concentrations) for each air pollutant in order to predict its medium and short-term concentration. The 
selection of the best subset of features was implemented by means of a backward selection algorithm which is 
based on the information theory notion of relative entropy. The final aim of the research was the implementation 
of a prognostic tool able to reduce the risk for the air pollutants concentrations to be above the alarm thresholds 
fixed by the law. The implementation of this tool will be carried out using the most wide-spread statistical data-
learning techniques (Artificial Neural Networks and Support Vector Machines). Moreover an apposite multi-source 
dispersion model will be employed to evaluate the air pollutants concentrations at road level in regions where 
measurements data are not available.  
 
Key words:  keyword1, keyword2, keyword3 
 
 
1. INTRODUCTION  
 
The respect of the European laws concerning urban and suburban air pollution requires the analysis and 
implementation of automatic operating procedures in order to prevent the risk for the principal air pollutants to be 
above the alarm thresholds. The aim of the analysis is the short-term and medium-term forecasting of the air-
pollutants mean and maximum values by means of meteorological actual and forecasted data. Critical air pollution 
events frequently occur where the geographical and meteorological conditions don’t permit an easy circulation of 
air and a large part of the population moves frequently between distant places of a city. These events require 
drastic measures such as the closing of the schools and factories and the restriction of vehicular traffic. The 
forecasting of such phenomena with up to two days in advance would allow to take more efficient measures to 
safeguard citizens health. 

In all the cases in which we can assume that the air pollutants emission and dispersion processes are 
stationary, it is possible to solve this problem by means of statistical learning algorithms that don’t require the use 
of an explicit prediction model.  The definition of a prognostic dispersion model is necessary when the stationarity 
conditions are not verified. It may happen for example when it is needed to forecast the air pollutants 
concentrations variation due to a large variation of the emission of a source or to the presence of a new source, or 
when it is needed to evaluate a prediction in an area where there are not measurement points. 

The Artificial Neural Networks (ANN) and the Support Vector Machines (SVM) have been often used as 
a prognostic tool for air pollution [2] [3] [4]. In particular SVMs are a recent statistical learning technique, based on 
the computational learning theory, which implements a simple idea and can be considered as a method to 
minimize the structural risk [5]. Even if we refer to these approaches as black-box methods, in as much as they 
are not based on an explicit model, they have generalization capabilities that make possibile their application to 
not-stationary situations. 

 In particular, the combination of the predictions of a set of models to improve the final prediction 
represents an important research topic, known in the literature as stacking. A general formalism that describes 
such a technique can be found in [6]. This approach consists in iterating a procedure that combines 
measurements data and data which are obtained by means of prediction algorithms in order to use them all as the 
input to a new prediction algorithm. This technique was used in [7], where the prediction of the ozone maximum 
concentration with 24 hours in advance, for the urban area of Lyon (France), is implemented by using a set of not 
linear models identified by different SVMs. The choice of the proper model is based on the meteorological 
conditions (geopotential label) and the forecasting of ozone mean concentration for a specific day is carried out 
for each model taking as input variables the maximum ozone concentration and the maximum air temperature 
observed in the previous day together with the maximum forecasted air temperature for that day.  

The first step of the implementation of a prognostic neural network or SVM is the selection of the best 
subset of features that are going to be used as the input to the forecasting tool. The potential benefits of the 
features selection process are many: it makes easier the visualization and understading of the data, it reduces the 
storage requirements and decreases the computational time, and it improves the forecasting performance. It’s 
important to highlight that the selection of the best subset of features useful for the building of a good predictor is 
not equivalent to the problem of grading all the potentially relevant features. In fact the last problem is sub-
optimum with respect to the first one especially if the features are redundant. The other way around a subset of 
variables useful for the prediction can count out many features that are redundant even if they are relevant [8]. 
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The methods that have been used for the selection of the best subset of features useful for the prediction 
are substantially three. The first ones, known in the literature as wrappers, use the same prediction algorithm to 
grade the different subsets of features in a way depending on their predicting capability. The filters, instead, select 
the best subset of features during the pre-processing phase without using the prediction algorithm. Finally, the 
embedded methods, perform the selection of the features during the training procedure and they are specific of 
the particular learning algorithm. The method we used for features selection is a filter. More precisely we used a 
selection algorithm with backward eliminations.  The criterion used to eliminate the features is based on the notion 
of relative entropy, inferred by the information theory (also known as the Kullback-Leibler divergence).  
The analysis described in the following was performed on the hourly data of the principal air pollutants 
(SO2,NO,NO2,NOx,CO,O3,PM10) and meteorological parameters (air temperature, relative humidity, wind velocity 
and direction, amospheric pressure, solar radiation and rain) measured by a station located in the urban area of 
the city of Goteborg (Sweden) and relative to the time period 01/04÷10/05 [9]. A brief introduction to the problem 
of air pollutants and a description of the characteristics that make PM10 dangerous for human health come before 
the description of the data analysis method. 
 
1.1. Air pollutant 
One of the biggest problems of urban areas is the air pollution. Air pollution arises from the adverse effects on the 
environment of a variety of substances contaminants emitted into the atmosphere by natural and man-made 
processes. Due to heavy vehicular traffic and to the presence of possible industrial areas, in the urban air of the 
city pollutants can often he found at a concentration higher than the alarm level fixed by law. The prediction of an 
episode of pollution is therefore of fundamental importance to safeguard the health of citizens. A list of the 
principal air pollutants and their main characteristics follows [10]. 
 
1.2. PM10 
Airborne particulate matter varies widely in its physical and chemical composition, source and particle size. PM10 
particles (the fraction of particulates in air of very small size (<10 µm)) are of major current concern, as they are 
small enough to penetrate deep into the lungs and so potentially pose significant health risks. Larger particles 
meanwhile, are not readily inhaled, and are removed relatively efficiently from the air by sedimentation. The 
principal source of airborne PM10 matter in European cities is road traffic emissions, particularly from diesel 
vehicles.  Fine particles can be carried deep into the lungs where they can cause inflammation and a worsening 
of the condition of people with heart and lung diseases. In addition, they may carry surface-absorbed carcinogenic 
compounds into the lungs. The limit values fixed by the law are: 
 
Particulate (PM10) (Law references: D.M. 2.04.2002 N. 60) 
 

° Daily limit value for the protection of human health: the daily mean value of the PM10 should not be above  

50 µg/m3 for more than 35 times per civil year. 

° Annual limit value for the protection of human health: the annual mean value of the PM10 concentrations 

should not be above 40 µg/m3. 

In the following table the primary and secondary sources of main pollutants are shown.  

 

 
Table 1: Primary and Secondary sources of the princip al air pollutants. 

 

Air Pollutant Primary Sources Secondary Sources 
Sulphur Dioxide (SO2) Fixed combustions with solid or liquid 

fuel 
Vehicular Traffic (diesel vehicles) 

Carbon Monoxide (CO) Vehicular Traffic (petrol vehicles) Vehicular Traffic (diesel vehicles); 
Fixed combustions with solid, liquid 

fuel or burner gas 
Carbon Dioxide (CO2) Vehicular Traffic (petrol vehicles) Vehicular Traffic (diesel vehicles); 

Fixed combustions with solid, liquid 
fuel or burner gas 

Nitrogen Oxide (NO) Vehicular Traffic (petrol and diesel 
vehicles) 

Fixed combustions with solid, liquid 
fuel or burner gas 

Nitrogen Dioxide (NO2) Vehicular Traffic (petrol and diesel 
vehicles) 

Fixed combustions with solid, liquid 
fuel or burner gas 

Particulate (PM10) Vehicular Traffic (diesel vehicles); Fixed 
combustions with solid or liquid fuel. 

Industrial emissions. 
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2. FEATURE SELECTION ALGORITHM 
 
The first step of the analysis was the selection of the most useful features for the prediction of each of the targets 
relative to the pollutants concentrations. For each air pollutant the target was chosen to be the mean value over 
24 hours and the maximum of the mean hourly value over 24 hours, measured every 4 hours.  The complete set 
of features on which was made the selection, for each of the available parameters (air pollutants, air temperature, 
relative humidity, atmospheric pressure, solar radiation, rain, wind speed and direction), consists of the maximum 
and minimum values and the daily averages of the previous three days to which the measurement hour and the 
reference to the week day were added. From this analysis an apposite set of data was excluded; such set will be 
used as the test set. 

We used the Koller-Sahami algorithm [11] to select an optimal subset of features from the set of features 
described in section III. In the following we will use the formalism of the authors to describe the theoretical 
framework of the algorithm. Let F=(F1, F2,..., FN) be the set of structural features and let Q=(Q1, Q2,..., QM) be the 
set of the chosen target. For each assignment of values fj =( fj1, f

j
2,..., f

j
N) to F we have a probability distribution 

P(Q | F = fj) on the different possible classes, Q. We want to select an optimal subset G of F which fully 
determines the appropriate classification. We can use a probability distribution to model the classification function. 
More precisely, for each assignment of values gj=(gj

1, g
j
2,..., g

j
P) to G we have a probability distribution P(Q | G = 

gj) on the different possible classes, Q. Given an instance f=(f1, f2,..., fN) of F, let fG be the projection of f onto the 
variables in G. The goal of the Koller-Sahami algorithm is to select G so that the probability distribution P(Q | F = 
f) is as close as possible to the probability distribution P(Q | G = fG). To select G the algorithm uses a backward 
elimination procedure, where at each state the feature Fi which has the best Markov blanket approximation Mi is 
eliminated [12]. The mean value of the relative entropy between the distributions P(Q | Mi=fMi, Fi= fi) and P(Q | 
Mi=fMi) is used to understand how close Mi is to being a Markov blanket for Fi: 
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We modified the Koller-Sahami algorithm in the way a candidate Markov blanket Mi for the feature Fi is selected.  
Instead of selecting a candidate Markov blanket Mi of size k for the features Fi by using the set of the k features 
most correlated to Fi, we selected the k features which minimize the mean value of relative entropy between the 
distributions P(Q | Fi= fi, Fj= fj) and P(Q | Fi= fi). The computational complexity of this algorithm is exponential only 
in the size of the Markov blanket, which is small. For the above reason we could quickly estimate the probability 
distributions P(Q | Mi=fMi, Fi= fi) and P(Q | Mi=fMi) for each assignment of values fMi and fi to Mi and Fi. The 
estimate of the probability density was made by using the Parzen method [13][14]. 

In particular this method was applied to the prediction of the best subset of features useful for the 
prediction of the average daily concentration of PM10 in the city of Goteborg. In fact from the data we observed 
that this concentration was several times above the limit value for the safeguard of human health (50 µg/m3). The 
best subset of 8 features turned out to be the following: 

 
- Average concentration of PM10 in the previous day. 
- Maximum hourly value of the ozone concentration one, two and three days before.  
- Maximum hourly value of the air temperature in the previous day. 
- Maximum hourly value of the solar radiation one, two and three days before. 

The results can be explained considering that PM10 is partly primary, directly put in the atmosphere, and 
partly secondary, that is produced by chemical-physical transformations that involve different substances as  SOx, 
NOx, COVs, NH3 and that determine its production and/or removal [15]. 

3. FORECASTING WHEN THE CONCENTRATIONS ARE ABOVE THE LIMIT VALU ES FOR THE 
PROTECTION OF HUMAN HEALTH.   
 
We used a set of feed-forward neural networks with the same topology. Each network had three layers with 1 
neuron in the output layer and a certain number of neurons in the hidden layer (varying in a range between 3 and 
20). The hyperbolic tangent function was used as transfer function. 
 We used the back-propagation rule [16] to adjust the weights of each network and the Levenberg-Marquardt 
algorithm [17] to proceed smoothly between the extremes of the inverse-Hessian method and the steepest 
descent method. The Matlab Neural Network Toolbox [18] was used to implement the neural networks’set. The 
neural networks were trained with the same set of data used for the features selection algorithm.  This set of data 
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consisted of the first two years of data. The remaining data were used as the test set. Since the number of the 
training samples above the maximum threshold for the PM10 concentration was much lower than the number of 
samples under such threshold, the training of the networks was performed weighting more the kind of samples 
present a fewer number of times.Selecting as input to the ANN the set of eight features defined in the previous 
paragraph, the best results can be obtained with a neural network having 17 neurons in the hidden layer. In table 
2 are displayed the results obtained with 5079 samples of days under the threshold and 60 samples of days 
above the threshold. It can be noted that the probability to have a false alarm is really low while the capability to 
forecast when the concentrations are above the threshold is greater than 50%.  
 

Samples Correct 
Forecasting 

Incorrect 
Forecasting 

Under the threshold 5037 42 
Above the threshold 47 13 

Table 2: Neural network performance.  

 
4. FUTURE ACTIVITIES 
 
Firstly one of the main aims of the future activities is to carry out the same kind of analysis described in this paper 
also for the city of Turin. To do so we may use the data from ARPA Piedmont.  
The training of the neural networks will be improved with stacking techniques using as inputs the measurements 
and forecasted values of the selected features. Since for some pollutants the meteorological conditions are very 
important in the generation process, different neural networks will be trained for each different geopotential 
condition [19]. The analysis will be performed using the SVMs instead of the neural networks and the results will 
be compared. Finally the analysis will be completed extending the forecasting capability of the neural algorithm to 
areas where there are not measurement points, by means of the optimization of a multi-source gaussian 
dispersion model. 
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AIR TEMPERATURE DISTRIDUTION IN OSAKA, JAPAN 
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Abstract 
 
This paper proposes mobile measurement system for observing nocturnal urban heat island (UHI) phenomena 
and shows horizontal temperature distribution of the Osaka Plain. The mobile measurement system with a GPS 
receiver enabled to measure some parameters while moving extensively at high speed, so that observation area 
during a few hours is expanded. It has been founded that during winter temperature of the center part in Osaka 
City is 2 degree C higher than the average of the data, and that the maximum of UHI intensity (urban-rural 
temperature differences) is 5.0 degree C at autumnal midnight. The summer observations have shown that the 
temperature of the center of Osaka City and the eastern part of the Osaka Plain are about 1.0 degree C. higher 
than the average at midnight. Negative correlation between UHI intensity and infrared radiation has been pointed 
out. 
 
Key words: mobile measurement, UHI intensity, seasonal variation, surface layer 
 
 
1. INTRODUCTION  
 
There are 2 kinds of typically experimental method to survey urban heat island (UHI) phenomena: one is to 
analyze air temperature differences between urban and rural meteorological observatories; the other is to monitor 
horizontal temperature distribution by a mobile measurement from urban area to rural area. An advantage of the 
latter method is high spatial density of measured data. 
There are some previous researches in which mobile measurements have been done. Bottyan and Unger (2003) 
studied on horizontal temperature distribution of Szeged, Hungary. Kircsi and Szegedi (2003) researched 
horizontal temperature profiles in Debrecen, Hungary. Sakakibara and Matsui (2005) observed temperature 
differences between urban area and rural area in the Nagano basin, Japan. These observations were carried out 
in an inland region where was favorable for studying the development UHI.  
This paper shows a case of coastal supercity, Osaka, which has climatological problems caused by urbanization. 
For example, the daily minimum temperature has been kept high during the night in summer; the time to change 
from sea breeze into land breeze has been later.  
In this paper the horizontal temperature distribution in the Osaka Plain has been observed in the period of August  
– December 2005 using the mobile measurement system with GPS receiver. 
 
  
2. STUDY AREA and METHOD   
 
2.1. Survey area 
Osaka City is located at the center of the 
Osaka Plain  (from N34°48´ to N34°30´ and 
from E135°25´ to E135°38´) that has grown in 
downstream region of the Yodo River flowing 
into Osaka bay. Osaka City is the second city 
in Japan and has a population of 2.63 million 
people in the area of 222km2. There are some 
satellite cities in the Osaka Plain which have 
been urbanized wholly. 
The west side of the Osaka Plain faces the sea, 
and the other sides are enclosed by 
mountainous excluding the Yodo River 
connecting Osaka with Kyoto. According to the 
Koppen’s classification the area are belong to 
the climatic region Cfa - humid subtropical, 
which generally has warm and humid summers 
with mild winters. Especially the land and sea breeze is predominant in summer. 
UHI phenomena of Osaka has been studied on the basis of the data from the AMeDAS; Automated 
Meteorological Data Acquisition System operated by Japan Meteorological Agency. Figure 1 shows a 100-year 
trend of the number of sultry nights which mean that minimum air temperature of the day is more than 25 degree 
C. It has been found that the number of sultry nights trend to increase rapidly after 1950's. 
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Figure 1. The number of sultry nights of Osaka from 
AMeDAS 
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2.2. Method 
Measurement parameters are air temperature, road surface temperature, solar radiation from the sky, long-wave 
radiation from the sky, UTC (Coordinated Universal Time), latitude and longitude. Table 1 and Figure 2 show that 
the mobile measurement system. The thermocouple is set up in the radiation shield without ventilation device at 
the position of 1,500mm from road surface. The data when running at a speed of less than 20km/h is considered 
to be invalid. The measurement instruments and GPS receiver are placed on the roof of the car and these data 
are memorized in the same data recorder (CR1000 by Campbell Scientific, INC.) in 4 seconds interval. Figure 3 
shows the observation route by which the car runs the Osaka Plain at a speed of about 80km/h. The average 
distance between measuring points is 80m. Almost of the route is an elevated road that has the height of 15-30m. 
 

Table 1. Specific of the mobile measurement system 
Instrument Item Specifications

T[CC] thermocouple (0.1‡ oŲ Ó) Temperature Temperature range:-200 to 600� Ž
Infrared Thermocouple Sensor (IRTS-P,CAMPBEL) Road-surface temperature Accuracy:� }0.3� Ž from -10 to 55� Ž
Pyranometer (MS-402,EKO INSTRUMENTS) Solar radiation Spectral range:300 to 2800nm,Response time:8sec(95%)
Pyrgeometer (MS-202,EKO INSTRUMENTS) Infrared radiation Spectral range:3 to 50Ų Êm
GPS Receiver (16-HVS,GARMIN) latitude,longitude,UTC NMEA(PGRMC),GPS accuracy:<15mRMS,95% typical
Data Logger (CR1000,CAMPBEL) - Temperature range:-25 to 50� Ž(operating)  
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Figure 3. Observation route in the Osaka Plain using expressways (the left figure) and a close-up of the center of 
Osaka City (the right figure). A triangle mark in the left figure shows the weather station of Osaka City Univ. A star 
mark in the right figure shows the Osaka district meteorological observatory.  
 
 
Since it takes about 3 hours to run in the observation route at midnight, the data of 7 meteorological observatories 
near by the route are referred to make time-based corrections according to the following equation:    
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where ct is corrected temperature, ti is observed temperature at the moving measurement point i, ∆Tk is 
temperature differences of the climate station k (1 ≤ k ≤ 7) during the time from the starting point to the moving 
measurement point i, and l is a distance between moving measurement point,i, and the climate station,k.  
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3. RESULTS  
 
3.1. Average and standard deviation 
Table 2 contains the summary of 20 times observation during the period Aug. – Dec. 2005. The data from the 
Osaka district meteorological observatory (pointed out with a star mark in Figure 3) show weather situation of the 
day.  Standard deviation of temperature is the largest on November 9th and  25th. These autumnal nights had 
clear sky without cloud.  

 
Table 2 Summary of the mobile observations 

 

Average
[degree C]

S.D.
[degree C]

W.D. W.S.
[m/s]

Amount of
Cloud [n.d.]

8/9, 23:00 30.5 0.8 SSW 1.9 10
8/10, 3:00 28.8 0.6 WSW 2.2 5
8/11, 23:00 31.5 0.8 W 3.1 � |
8/12, 3:00 29.3 0.6 WSW 1.8 2
9/9, 2:00 25.6 0.5 NE 1.1 2
9/15, 2:00 21.9 0.7 NW 2.9 6
9/25, 2:00 23.6 0.3 N 3.2 -
9/29, 2:00 20.1 0.7 NE 1.5 1
10/13, 2:00 19.9 0.7 N 1.7 0
10/18, 2:00 19.6 0.4 NE 2.0 7
10/26, 2:00 16.1 0.9 NNE 1.5 -
10/30, 2:00 15.2 0.5 NW 0.9 10
11/9, 2:00 11.5 1.5 SSE 1.0 0
11/15, 2:00 14.4 0.7 WNW 2.1 -
11/25, 3:00 10.0 1.5 E 1.1 0
11/27, 2:00 10.6 0.9 ENE 1.0 8
12/11, 2:00 8.8 0.5 WNW 6.0 8
12/20, 19:00 7.9 0.8 NNW 2.1 4
12/20, 23:00 5.1 1.0 E 1.5 8
12/21, 3:00 4.3 1.0 SE 1.0 9

the mobile observation
Date, Starting
Time(JST)

the Osaka district meteorological
observatory

  
 
3.2. Holizontal temperature distribution 
Figure 4 shows horizontal distribution of air temperature that is average deviation in surface layer. The northern 
part and the southern part of the Osaka Plain have been lower than the average through the observation period. 
The center of Osaka City has been higher than the average through the observation period. Especially, the center 
of Osaka city and the Osaka bay coastal part have been higher than the average at about 2 degree C in winter. 
On the other hand in summer the center of Osaka city and the eastern part of the Osaka Plain have been higher 
than the average at about 1 degree C. Seasonal characteristics appears in Figure 4.  
 

 
Figure 4 Horizontal distribution of average deviation of air temperature in surface layer 
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3.3. UHI intensity 
The northern part and the southern part of the Osaka Plain have been found lower temperature area. In this paper 
UHI intensity is defined differences between average temperature of the center of Osaka City and that of the 
northern part or the southern part. Table3 contains these UHI intensities, and infrared radiation observed at the 
weather station which is set at rooftop in a five story building of Osaka City University (pointed out with a triangle 
mark in Figure 3). Figure 5 shows relationship between UHI intensity of the southern part and infrared radiation. It 
has been found that there is a negative correlation between them. The UHI intensity on Nov. 9th became the 
largest, when it was calm and clear night.  
 
4. CONCLUTIONS 
The horizontal temperature distribution has been observed about four times a month during Aug.- Dec. 2005 
using the mobile measurement system. The center of Osaka City had been higher than the average through the 
observation period. In winter Osaka bay coastal part has been higher area, while in summer the eastern part of 
the Osaka Plain has been higher area. The maximum value of UHI intensity is 5 degree C, which has been 
observed on Nov. 9th.  
The autocorrelation of the space will be calculated from the observational data, and the space interpolation for the 
temperature distribution chart will be examined. 
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Table 3 UHI intensity between the center of 
Osaka City and the nothern part or the southern 
part, and infrared radiation observed at Osaka 
City Univ.   

At rooftop in five
story building

Northern
Part

Southern
Part

Infrared Radiation
[W/m2]

8/9, 23:00 1.3 -0.4 435
8/10, 3:00 1.5 1.0 439
8/11, 23:00 0.9 1.3 426
8/12, 3:00 0.9 1.8 419
9/9, 2:00 0.5 1.0 393
9/15, 2:00 1.2 2.1 408
9/25, 2:00 0.9 0.6 418
9/29, 2:00 1.3 2.8 368
10/13, 2:00 1.3 2.2 354
10/18, 2:00 1.7 0.4 376
10/26, 2:00 1.3 4.0 317
10/30, 2:00 1.3 1.8 350
11/9, 2:00 5.0 5.0 277
11/15, 2:00 0.7 3.0 342
11/25, 3:00 3.9 2.2 284
11/27, 2:00 2.5 0.9 322
12/11, 2:00 - 1.0 308
12/20, 19:00 - 3.3 267
12/20, 23:00 3.4 3.9 284
12/21, 3:00 3.3 3.9 289

UHI intesity
between the center
of Osaka City andDate, Starting

Time(JST)
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Figure 5 Relationship between UHI intensity (the center of 
Osaka City - the southern part of the Osaka Plain) and 
infared radiation 
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Abstract 
 
Short-range Air Quality Prediction System for the region of Silesian Voivodeship was implemented as a part of Air 
Quality Monitoring Service. The system creates the forecast using Case Base Reason technology, it uses a 
warehouse loaded concerning concentration of air pollutants and meteorological conditions. The data comes from 
automatic acquisition stations, weather stations and results of mezzo-scale numerical weather prediction are 
analyzed using data mining methods. The forecast includes hourly calculated prediction values of the 
concentration (PM10, SO2, O3, NOx, CO) and also a daily AQI (Air Quality Index) EPA. The results of the forecast 
is presented on a web portal and is also ready to be included in currently running E2SP (Environmental Enterprise 
Service Provider) project.  
 
Key words: air quality prediction, meteorology, warehouse, data mining  
 
 
1. INTRODUCTION  
 
Polish environment protection legislation adopted to requirements of European Union imposes a duty on  air 
pollution forecasting. Forecast of high concentration of pollution was implemented in Air Quality Monitoring 
Service in Silesian Voivodeship in 2005. Prediction of high concentration of pollution is a very complex problem. 
Despite of many methods used to estimation of smog episodes, so far none of them is commonly acceptable and 
giving satisfactory results. Physical methods are the most reliable from the merits point of view, but they not easy 
to be used because of difficulties in getting credible data abut the values of  pollutions especially those cased by 
communal sources and traffic. Because of that in practice there are used statistical and artificial intelligence 
methods that allow to forecast quite fast and accurate basing on possibilities of discovering new dependencies 
between data [Haykin, 1994]. Models of the forecast basing on artificial neural networks allow to describe any not 
linear dependencies existing between a set of defining variables and the defined variable. Building the models 
with the available set of data and easiness of their updates in case of gaining new information these are other 
advantages of the method. On the other side the physical models use assumptions about characters of described 
phenomenon. Unfortunately the method has some futures that for many applications can be recognized as 
disadvantages i.e. the type of the forecast. These are point forecasts providing singular value of the variable 
being defined corresponding to given values of defining variables.  
During last years data mining methods became more and more important. Since a few years selected data mining 
methods are used in a process of creation of short range forecast of high concentration of pollutants (PM10, SO2, 
O3, NO2) in the Agglomeration of Katowice. Present day the forecast is prepared  for the whole area of Silesian 
Voivodeship. The methodology of the air quality forecast in Silesian Voivodship bases on artificial neural networks 
(including self-organizing Kohenen network with exhaustion, fuzzy sets, wavelet analysis) and a numeric weather 
forecast. There is used no hydrostatic mezzo-scale meteorological model that is called LM COSMO. The 
meteorological model was provided to Poland within a cooperation between IMGW and COSMO (Consortium for 
Small Scale Modeling). It is a product of DWD (Deutscher Wetterdienst). LM COSMO model is an adaptation of 
LM/DWD (Lokal Modell-Deutscher Wettendienst – Local Model of German Meteorological Service).  
The idea of forecasting in general consist of two phases:  

� classification of meteorological situations responsible for high concentration of air pollution,  
� calculation of daily runs (one hour step) of air pollutants concentration for selected set of meteorological 

parameters responsible for hourly concentrations of pollutants within a defined range of values.  
Initial selection of input data of the model facilitates teaching the network, limiting the process to the instances 
belonging to the same set of similarities.  
Air quality forecast is prepared for zones and agglomerations of Silesian Voivodship as territorial averages of 
individual pollutants.  
 
2. TARGET OF THE RESEARCH  
 
Development of a method of  pollution forecasting in any point of the area for which the forecast is prepared was 
the main target of the research. It allowed to prepare forecast for bigger areas (called - zones) treated as a set of 
represented points. 
 
3. AREA OF MODELING AND PREPARATION OF KNOWLEDGE BASE 
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The forecast of pollutants concentration was prepared for the area of Silesian Voivodeship that is divided into 
zones [Directive 1996/62/EC]. During the research there was used data from Air Quality Monitoring Network of 
WIOS Katowice (Silesian Voivodeship Inspectorate of Environment Protection in Katowice and meteorological 
data of Institute of Meteorology and Water Management. At this stage there were forecasted daily runs of PM10, 
SO2,NOx, CO and also a daily AQI (Air Quality Index, EPA) [EPA, 1999].  
Pretreatment of input data based on preparation of:  

data warehouse  
� collecting and processing of database of LM COSMO model forecasts for synoptic stations in Katowice, 

Częstochowa, Bielko-Biala, Raciborz (2000-2003);  
� collecting of data and preparation of a database of pollution concentration from measurement points 

(1998-2003);  
� collecting and preparation of data about runs of meteorological parameters from synoptic stations in 

Katowice, Częstochowa, Bielsko-Biala, Raciborz (1998-2003);  
� preparation of characteristics of measurement points and zones surroundings to perform analysis of 

similarities.  
fuzzy deduction rules base.  

 
4. METHODOLOGY OF AIR QUALITY (AQ) FORECAST PREPARATION PROCESS  
 
AQ forecast in zones and agglomerations of Silesian Voivodeship depends on transposition of AQ forecast from 
measurement point to area represented by a zone treated as a set of points with the same parameters for the 
whole zone. Transposition of the forecast rely on selection of parameters of similarity and an assortment of a 
station and zone selection method. 
Fuzzy sets were used during the searching of an objective forecast method [Liao et all, 1998; Osowski, 1997; 
Osrodka et all, 2005; Rutkowska et all, 1997]. This method allow to think about the future basing on the similar 
situations from the past (Case-based reasoning CBR). It is particularly interesting in weather forecasting, because 
weather is continuous, with variable parameters, multidimensional, dynamic and chaotic [Aamodt A. and Plaza E., 
1994]. In the presented research CBR method [Lachwa, 2001] is the main tool for air quality forecasting. Classic 
CBR forecasting can be reduced to four stages:  

� finding the biggest amount of similar meteorological and AQ situations and their runs, 
� re-usage of the information for solving the defined problem, 
� correction of the proposed runs of the phenomena (if it is necessary),  
� keeping selected instances to be used in the forecast. 

 
4.1. Definition of forecast problem 
 
AQ forecast in the accepted form will consist of the following assumptions:  
Input:  
weather forecast LM COSMO for next T hours, 
characteristic of surroundings of points (stations) or set of points (zones) for which the forecast is prepared. 
databases defined in the previous chapter.  
Output: 
forecasting of pollution imission runs for points (stations) or zones. 
 
4.2. Formalization 
 
5 parameters for 21 zones and 80 sectors were chosen for the AQ forecast [Rutkowska et all, 1997]. Finally there 

were created 101 vectors. 
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It is consistent with the definition of a scalar product cosines of the angel between the vectors. 
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5. ELEMENTARY ASSUMPTIONS ABOUT MODELS OF AIR QUALITY  
 
In the research there were approved the following assumptions of AQ forecast model: 
1. Similar meteorological conditions for territory similar from the point of view  of active layer, land arrangement 
and indicators of emission of pollutants. 
2. Numeric forecasts are different enough from the real conditions, that can not be used directly in weather-
imission model. 
3. Land arrangement, indicators of emissions and meteorological conditions (mainly – air temperature) determine 
quantity of emission. Land shape, character of active layer and meteorological conditions (mainly - wind) 
determine spreading of pollutions. 
4. Because of different influence of the factors during year seasons algorithms used for forecasting depend on 
them.  
 
6. SCHEME OF FORECAST PREPARATION PROCESS 
 
Figure presents the scheme of forecast preparation which results have presented on web page 
www.spjp.esaproject.pl.  
 

 
 
7. RESULTS  
 
As the result of performed procedure there we receive a daily run of pollution concentration for any area with 
defined condition of active layer and pollution emissions (so called - zone) (An example of the results is presented 
on the figure 1 and 2.  
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Fig. 1 Daily concentration PM10 16-17 January 2005 for Bielsko-Biala.  
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Fig. 2 Daily concentration SO2 16-17 January 2005 for Bielsko-Biala.  
 
8. CONCLUSIONS  
 
Presented method of forecasting of pollutants concentrations is an attempt of usage environmental information 
gathered by many environmental data acquisition systems during their years of operation. Data mining methods 
are more and more commonly used in different domains of knowledge. They are especially interesting for experts 
working in the field of environment protection, where a number of data is huge and because of complexity of the 
analyzed processes more efficient physical methods not always can be used. Results of forecasting show pretty 
good convergence with real runs and for sure they well represent the tendencies of concentrations trends. 
Despite of pretty short time of the forecast implementation its results respect to the educational purposes were 
included in E2SP project (http://e2sp.esaproject.pl).  
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Abstract 
The objective of this study was to investigate effects of urbanization on the climate in Europe at local and regional 
scales. We isolated effects of urbanization on European climate by regional climate model simulations with a 
hypothetical land cover map without urban areas and with an actual land cover map including urban areas. By 
comparing results of two simulations with the two suggested we analyzed spatial changes in maximum and 
minimum daily temperatures and precipitation for the European domain.  
The numerical simulations were performed using the Mesoscale Model (MM5) with the modified land surface 
scheme based on Town Energy Balance model (TEB). The model domain covered a region, which included most 
urbanized areas of Europe and had the spatial resolution of 10 km. 
In regions with urban land cover modification the results of model simulations showed an average reduction of the 
diurnal temperature range by 0.07°C and 0.04°C in s ummer and in wintertime respectively. The total amount of 
precipitation averaged over the whole domain over land was lower in both summer (by -1.46 mm month-1) and 
winter (by 0.15 mm month-1). 
Urban land transformation caused the reduction of the temperature’s diurnal range and the reduction of 
precipitation over highly urbanized regions in Europe.  Our results suggested that the largest changes of the 
minimum and maximum daily temperatures associated with strong urban heat island (UHI) effect occurred in 
areas located in warm maritime climates (Southern Europe). Moreover, cities in warmer climates in midday hours 
often experienced lower urban air temperatures then the temperatures over natural surfaces. The simulated 
temperature changes were favourably compared with corresponding measurements at selected urban areas in 
Europe. 
 
Key words: urbanization, climate change, modelling 
 
1. INTRODUCTION  
Urbanization is one of the most evident examples of human modification of the Earth. The urban land cover 
accounts for less than 2% of the Earth’s land area, but this proportion is growing rapidly as more cities expand 
into natural ecosystems and agricultural areas. Therefore studying of urban climates and changes of local and 
regional ecosystems and biogeochemical cycles that they cause is becoming very important. 
Alteration of the landscape through urbanization involves the transformation of the radiative, moisture and 
aerodynamic characteristics of land surface and leads to alteration of water cycle and planetary boundary layer 
diurnal variations. Several studies revealed different aspects of natural ecosystem alteration caused by urban 
areas: variable patterns of  extreme temperature distributions within an urban area (Ca, 1998; Jauregui,1990-91; 
Huang, 1987; Bernatsky, 1982); intensive urban heat island effect (Atkinson, 2002; Borghi, 2000; Brunetti, 2000); 
high CO2 emissions over urban areas (Koerner, 2002); precipitation suppression effects (Rosenfeld, 2000); 
reduced air moisture conditions and evaporation within the urban canopy layer (Mayer, 2003; Grimmond, 1999). 
These studies focused on microclimatic effects of an individual urban area, while impacts of urbanization may 
extend far beyond the city and have impacts of regional proportions.  
Isolating urban effects requires observations in somewhat unrealistic conditions: before and after urbanization. 
Because of the difficulties to make such observations, we might make use of modelling approach to answer our 
question: how do urban areas alter the climate at regional scale? This question was also recently addressed by 
Lamptey (2005), who explored effects of urban and agricultural land cover transformation on near surface 
temperatures, sensible and latent heat fluxes in North-eastern United States. It was found that urbanization 
resulted in near-surface temperature increase of more than 1K over the urban sites during winter and summer 
while the conversion of forest to agricultural land resulted in changes of temperature by -0.5K and >1K during 
winter and summer respectively. 

This study examined impacts of the urban land use conversion in Europe at local and regional scales 
using modelling approach. Two states of climate were compared: climate variables in a hypothetical situation 
(absence of urban land cover) and the actual present day (2000-2005) situation.  Changes in diurnal surface 
temperature range and precipitation were analyzed. 
 
2. METHODS 
The operational numerical weather predicting PSU/NCAR mesoscale model MM5 (Grell, 1994) is typically used at 
regional scale. Although its physical schemes can represent necessary dominant impacts of urban land cover to 
the atmosphere, it has overly simplified representation of urban land cover.  
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2.1. Model 
The MM5 model is a limited-area nonhydrostatic model which simulates and predicts mesoscale atmospheric 
circulation was not explicitly designed to distinguish between boundary layer and canopy layer phenomena such 
as heat island or limited evaporation in urban areas. The distinction between urban and nonurban areas in the 
currently used land surface scheme NOAH-LSM (Ek, 2003; Chen, 2001a; Chen, 2001b) is handled by 
differentiating the values of model input parameters which describe different types of land surfaces, values of 
surface parameters for urban areas are defined similarly as for other land use types. Effects of the complex 
surfaces and energy fluxes in urban areas are not resolved explicitly and could be parameterized only indirectly. 
We modified the existing land surface scheme using a single-layer urban canopy model, which includes 
parameterisation of street canyons geometry to represent the radiation trapping within the urban canopy layer.  
 
2.2. Land surface scheme modifications 
A single-layer urban canopy model (UCM) was incorporated into the NOAH-LSM. The UCM was based on the 
Town Energy Balance (TEB) model (Masson, 2000), it includes parameterizations of anthropogenic heat sources, 
limited potential evaporation from the urban canopy, and of street canyons to represent the heat distribution in 
canyons. A three-layer heat equation was used for inner temperatures of three different urban surfaces (roof, wall 
and road).  This UCM predicts surface temperatures of three different urban surfaces (roofs, roads, walls) and 
aggregates sensible heat fluxes from all these surfaces into energy and momentum exchange between the urban 
canopy and the atmosphere.  

 
2.3. Input Data 
The model domain for this study covered Western, Central, Southern and Eastern Europe, it was centred at 50°N-
15°E with the grid resolution 10 km and it was neste d in an intermediate domain with 30km spatial resolution to 
avoid boundary effects. The MM5 model was driven at the lateral boundaries by 1 degree resolution Final 
Reanalysis NCEP data every 12 hours. An additional boundary condition needed for the urban canopy model – 
inner temperature of buildings – was set to a constant of 20°C for all simulations. For urban conditio ns specific 
geometric, radiative and thermal properties of artificial materials had to be set. 
To isolate effects of urbanization on the climate we acquired two land cover maps which represent different states 
of urbanization: NOU – no urban area; ACT – urban areas are present as a single class in the land cover 
classification.  
To obtain an accurate urban mask for Europe, we used a simple synergetic approach similar to Jung et al. (in 
press). Five different maps of urban areas derived from five land cover products (GLCC, GLC2000, and MODIS 
land cover; DMSP Night Lights and LANDSCAN Population Density Map) were overlaid and a new urban land 
mask was derived: a pixel was mapped as urban if at least two maps agreed on it. 
 
2.4 MODEL SIMULATIONS 
To isolate effects of urbanization on the climate we performed model simulations according to two scenarios 
which represent different states of urbanization. The first scenario (NOU) represented a hypothetical situation if 
there was no urban area present in 2000-2005. According to this “base-line” scenario the climate variables 
(precipitation and temperature near surface) were calculated using a land cover map which included no urban 
area. The NOU-land cover map was created replacing urban pixels by their nearest dominating non-urban 
neighbour and could be crop, grassland or forest. The second scenario (ACT) represented the present state of 
urbanization and its influence on meteorology: a land cover map which refers to the actual (2000-2005) state of 
urbanization was used.  The control simulation containing no urban land was denoted “NOU”; the simulation 
which includes urban land cover was denoted “ACT”. Monthly total rainfall and diurnal temperature range 
differences between two scenarios were analyzed. 
We performed model simulations for two month (January and July) of each year (2000-2005) as independent 
model realizations with random climate boundary conditions. For both seasons we calculated the total monthly 
amount of precipitation and minimal and maximal diurnal temperatures. Only statistically significant differences in 
calculated temperatures and precipitation were considered as an effect of urbanization.  
 
2.5. CORROBORATION 
The near surface temperature predicted by the model with the modified land surface scheme was compared to 
available measurements of surface temperatures in six European cities such as Granada, Salamanca, Szegend, 
Debrecen, Lodz and Basel (Table 1). 
City January July 
 urban T 

average 
UHI average UHI max urban T 

average 
UHI average UHI max 

 Obs mod Obs mod Obs mod obs mod Obs mod obs mod 
Granada 6.4 12.3 2.5 2.1 3.0 2.5 25.7 28.3 1.8 4.3 3.6 4.6 
Salamanca 5.3 6.3  1.1  1.4 20.9 22.5  1.8  2.4 
Szeged -1.1 4.1  1.5 1.44 1.5 22.1 23.1  1.9 2.58 2.7 
Debrecen -1.4 1.3 2.1 -0.5  -1.5 21.2 20.1 2.5 -0.6  -0.2 
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Lodz -1.4 1.4  0.8  0.9 18.4 18.5  1.5 2.0 1.8 
Basel 2.2 5.0  3.0 -2.0 3.1 19.9 18.9   3.0 3.8 

Table 1. Comparison of modelled and measured UHI intensity. 

The near surface temperature predicted by the model with the modified land surface scheme was favorably 
compared to available measurements of surface temperatures in selected European cities. The urban and rural 
temperatures calculated according to the ACT-scenario of Granada, Salamanca, Szegend, Debrecen, Lodz and 
Basel were compared to available measurements. In these cities measurements of urban heat island intensity 
were available on a long time scale (month, season) and hence could be compared to the monthly UHI calculated 
from the model output. 
The comparison showed a better match of the modeled UHI intensity to the measurements in summertime 
(Granada, Szeged, Lodz, Basel). In wintertime measured UHI in Granada and Szeged showed a good agreement 
with the measurements, but the model failed to match observations in Basel and Debrecen. This result might be 
explained by the fact the model setup does not include individual anthropogenic heat fluxes for each city, but has 
a constant prescribed for all cities anthropogenic heat and moisture fluxes. Basel and Debrecen are situated in 
rather cold climates where the heat emitted by cities in winter may be higher than the average heat prescribed in 
the model. 
 
4. RESULTS AND DISCUSSION 
Temperature diurnal amplitude. In urban areas the diurnal temperature range was reduced by 1.0-2.0°C (Figure 
1). The strongest reduction was found in summertime in Southern Europe. This finding was related to a combined 
effect of the reduced Tmax and increased Tmin in areas with land cover perturbation. 

 
Figure 1. Difference in diurnal temperature range between ACT and NOU scenarios in January (left) and 
February (right) averaged over 2000-2005.  
 
In Central and Western Europe the reduction of diurnal temperature amplitude was stronger in summertime than 
in wintertime. It happened mostly due to the stronger reduction of the maximal diurnal temperature in summer 
time than wintertime, while the magnitude of the increase in minimal diurnal temperature was comparable for both 
seasons.  
Monthly total precipitation. Differences between two scenarios for total precipitation over land in the whole domain 
were larger in summertime than in wintertime simulations with -0.15 mm month-1 and -1.46 mm month-1 averaged 
per one land grid cell in January and July respectively. 
In wintertime the largest changes in the monthly precipitation amount were found over urban areas (Figure 2).  
This reduction of precipitation can be explained by the inhibited evaporation from the urban areas due to the 
water runoff into the drainage system.  
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Figure 2. Difference in total monthly precipitation in January (left) and July (right) between AOC and NOU 
scenarios in 2000-2005. The original data was aggregated from 10km to 100 km resolution.  
In Spain and Portugal the change of precipitation was very small in summertime simulations. These regions 
experience frequent droughts in summertime and anthropogenic moisture fluxes from urban areas were too small 
to change the precipitation patterns over this area significantly. A redistribution of total monthly precipitation over 
Northern and Central Europe was found. 
 
5. CONCLUSIONS 
The numerical simulations of the temperatures and precipitation sensitivity to the presence of urban land cover 
showed significant changes of the diurnal temperature range and monthly precipitation. In Southern Europe, the 
reduction of the diurnal temperature range was greatest due to the combined effects of reduction in maximal and 
an increase of minimal diurnal temperatures in areas of perturbation. In Western and Central Europe the 
reduction of temperature range was weaker due to the increase of maximal diurnal temperature.  
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Abstract 
 
An new urban field station with very versatile instrumentation covers aerosol dynamics and atmospheric 
chemistry, micrometeorology, weather monitoring and ecophysiology of trees growing in the urban environment. 
Aerosol measurements include size distributions and chemical composition and optical properties. 
Micrometeorological measurements include profiles of the temperature and wind and radiation components. The 
fluxes of sensible heat, momentum, carbon dioxide, water vapour and aerosol number are measured by eddy 
covariance technique. Other gases are also measured on campaign basis. Urban tree measurements cover 
transpiration measurements by chambers, stem diameters, soil temperature and humidity, photosynthetically 
active radiation and basic meteorological quantities.  
 
Key words: urban micrometeorology, urban aerosols, urban chemistry, urban ecophysiology 
 
1. INTRODUCTION 
 
An urban measuring station SMEAR III (Station for Measuring forest Ecosystem – Atmosphere relationships) was 
established in Helsinki in autumn 2004 including 31 m high tower, several platforms and monitors for trees. The 
station is an urban extension of SMEAR I and II networks operating at forested sites (Ahonen, et al., 1997; Vesala 
et al., 1998). The stations are planned for versatile, long-term continuous measurements (Hari and Kulmala, 
2005). 
 
2. METHODS 
 
Continuous measurements at SMEAR III station include: 
 
The tower: 
 

Levels 4, 8,16 and 31 m:   
− Wind speed, wind direction and temperature with 2-D acoustic anemometer (Thies CLIMA V2.1x)  
− Temperature (Resistance Thermometer, Pt-100) 
 
Level 31 m: 
− Wind components with 3-D acoustic anemometer (Metek USA-1) 
− Radiation measurements: PAR, global, long wave 
− CO2 and H2O flux measurements (LI-7500) 
− CO2 and H2O concentration measurements (LI-7000) 

 
Level 3 m: 
− O3 concentration (10/8 mm teflon (FEP) tube, TEI 49  analyser (UV-absorption), Thermo Environmental, 

USA) 
− NOx concentration (10/8 mm teflon (FEP) tube, TEI 42S  analyser (molybdene thermal converter, O3-

NO chemiluminescence), Thermo Environmental, USA) 
 
Measurements close to the tower: 

 
− Particle number concentration with Condensation particle counter (CPC) TSI 3022 
− Particle number size distribution with Differential Mobility Particle Sizer (DMPS, twin); Size range 3 – 50 

nm (DMPS 3025) and Size range 10 – 950 nm (DMPS 3010). 
− Particle number size distribution with aerodynamic particle sizer (APS 3321); Size range 0.5 – 20 µm. 
− Aerosol light scattering is measured with Nephelometer (TSI 3563).  
− Particulate matter mass concentration (twin-tapered element  

oscillating microbalance; fine and coarse fractions) 
− On-line inorganic ion content of fine particles (particle into  

liquid sampler and ion chromatography) 
− Semi-continuous measurement of fine particle carbon with  

thermal-optical transmission method 
 
Measurements on roof  (building Physicum) 
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− Wind speed and direction at 56 m (Cup anemometer and wind vane, Vaisala WAA151 + WAV151) 
− Temperature and humidity at 51 m (Platinum resistance thermometer and thin film polymer sensor, 

Vaisala HMP243) 
− Pressure at 51 meters (Silicon aneroid barometer, Vaisala DPA500) 
− Globar radiation at 51 m (Pyranometer Tartto) 
− Photosynthetically active radiation PAR at 51 m(Kipp & Zonen PAR Lite) 
− Downward longwave radiation from above the surface at 50 m (Kipp & Zonen CG2) 
− Precipitation at 50-51 m (Precipitation collectors and a weighing rain gauge, Finland-1909 +  

Wild shield, H&H + Tretyakov shield, Ott Pluvio 
− Cloud base measurements (Ceilometer, CL31)  

 
Measurements in Viikki campus (6 different measuring sites) 
 

− PAR radiation (Delta-T devices, QS2 silicon cell PAR quantum sensor) 
− Temperature (Thermistor) 
− Changes in tree trunk (Rigid frame + displacement transducers,  

Solartron Metrology) 
− Sap flow inside a tree (Granier sap flow needles) 
− Soil temperature 10, 30, 60 cm 
− Soil humidity  10  ja 30 cm (Delta-T devices Theta-probe ML2x) 
 

Additionally the soil moisture is measured two times a day with heat flux method at summer time (10, 30 and 60 
cm) 
 
3. RESULTS 
 
We present some illustrative results on meteorological conditions (Fig. 1) and aerosol particle concentrations (Fig. 
2) at the measurement site. The temperature, wind speed and global radiation illustrate typical patterns in 
Southern coast in Finland. The aerosol concentration represents polluted urban atmosphere. 
 

 

Fig. 1. Daily air temperature, wind speed and global radiation at SMEAR III station from January 2004 to February 
2006. 
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Fig. 2. Monthly maximum, average and minimum aerosol particle concentration at SMEAR III station from January 
2004 to February 2006. Measurements were carried by Condensational Particle Counter. 
 
4. FUTURE ASPECTS 
 
In interpretation of results, a boundary-layer model with a detailed description of surface heterogeneities and 
topography will be used together with models of aerosol dynamics and atmospheric chemistry. The most 
characteristic features of the new urban site is its location at high latitude and vicinity of sea. The site can be used 
also for campaigns, for example flux measurements of aerosol particles, VOCs, N2O and CH4 are planned.  
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Assessment of air quality on basis of measuring  
of fine (PM 2.5) and coarse particles (PM2.5-10) as well as of nitrogen dioxide in Berlin 

 
U. Wolf-Benning*, E. Schultz** and W. Endlicher* 

*Humboldt University to Berlin1, Germany; **Deutscher Wetterdienst2, Germany 
 
 

Abstract 

Against the background of the EU guideline 1999/30/EG this study describes the spatial and temporal variability 
of air pollution in Berlin. The fine (PM2.5) and coarse fraction (PM2.5-10) of PM10 as well as nitrogen dioxide 
were simultaneously measured at traffic sites and sites in urban background. 

A high spatial variability for the air pollutants coarse particles, soot and nitrogen dioxide was observed. The 
PM2.5 exposition, however, scarcely displayed any spatial difference. Investigations of the influence of weather 
types on the particle pointed up an important role of a long distant transport of PM2.5, the main part of PM10. 

 

Key words: PM10, PM2.5, atmospheric aerosols, aerosol chemistry, health aspects 

1. INTRODUCTION  

The growing recognition of the influence of air pollution on human health has led to an increasing need for specific 
measures to control and reduce emissions and immissions. This is reflected in the new limits defined by the EU 
guideline 1999/30/EG, the first set of which have been valid since 2005 and the second which will be valid from 
2010, e. g. for PM10 and nitrogen dioxide. 

Against this background the objective of this study is to describe the spatial and temporal variability of fine and 
coarse particles as well as of nitrogen dioxide. Particular emphasis will be placed on the high spatial 
measurement density and the matter differentiation of the particles. 

2. METHODS  

At twenty measurement points in Berlin both coarse particles (particles with a geometrical diameter ≥ 2.5 µm) and 
nitrogen dioxide were collected simultaneously between 2003 and 2004. In addition, PM2.5 (particles with an 
aerodynamic diameter < 2.5 µm) was measured at six of these points. Furthermore, a parallel measurement of 
PM10, PM2.5 and coarse particles was carried out over a period of one year between 2004 and 2005 at one of 
the six aforementioned points. An integrative weekly sampling took place using passive and active methods. The 
measurement points were divided up into two spatial categories: at traffic-related points and in an urban 
background without any direct influence from traffic. The content of water-soluble inorganic ions from each 
particle sample was investigated. Moreover, both the transparent (mineral and biogenic particles) and the black 
composition (containing elementary carbon) were differentiated (Schultz, 1993; 1994). The coarse particles were 
further distinguished according to various size fractions. So a comparison between PM2.5 (the fine fraction in 
PM10) and the fraction 2.5-10 µm (the coarse fraction in PM10) was possible. 

3. RESULTS 

3.1. Calculation of PM10 from parallel measurement of PM2.5 and PM2.5-10 

On the basis of simultaneously measuring of PM10, PM2.5 and PM2.5 over a period of one year a linear 
regression for an assessment of PM10 was generated. The combination of the active measurement of PM10 or 
PM2.5 and of the cost effective passive measurement of PM2.5-10 enables the calculation of the missing fraction 
(PM10 or PM2.5), by using of the provided equation. 

                                                 
1 Humboldt University to Berlin,Institute of Geography, Unter den Linden 6, 10099 Berlin, Germany 
2 Deutscher Wetterdienst,Department of Biometerology, Stefan-Meier-Str. 4, 79104 Freiburg, Germany 
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PM10= 2,6 + 0,8 * (PM2.5-10 + PM2.5)
r2 = 0.8;  r = 0.9; p < 0.001
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Figure 1: Calculation of PM10 by simultaneously measuring of PM2.5 and PM2.5-10  

3.2. Small spatial variability 

An exceptionally high spatial variability for the air pollutants coarse particles, soot and nitrogen dioxide was 
observed. As expected, the highest exposition was evidenced at traffic related sites. The PM2.5 exposition, 
however, scarcely displayed any spatial difference. The influence of traffic expressed as the traffic related 
immission is shown in figure 1. 
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Figure 2: Traffic related immission of the Fine mode particles (PM2.5) and coarse mode particles (PM2.5-
10), distinguished between black and transparent particles as well as of nitrogen dioxide  
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3.3. Mass percentage of PM2.5 and PM2.5-10 in PM10 

For the black particles, mainly soot in the fine fraction and rubber fragments in the coarse fraction, the highest 
influence of traffic was observed. As shown in figure 2 the black particle fractions have the lowest mass 
percentage in PM10, while the transparent part of PM2.5 has the highest proportion of PM10 with more than 50 % 
(Chaloulakou et al., 2003; Lin, 2002). 

 . 

30%

13%

6%

52%

24%

5%

5% 66%

traffic urban background

PM10 PM10

PM2.5
black carbon

PM2.5-10
transparent

PM2.5-10
black carbon

PM2.5
transparent

 

Figure 3: The percentage mass content of the fine and coarse black and transparent particles in PM10  

3.4. Influence of weather types on the particle immission and the chemical composition 

Fine and course particles are subject to an influence of climatic elements and weather types, but coarse particles 
to a lesser extent than PM2.5. The influence of weather types on the particle mass concentration is shown in 
figure 3 and on the immission of water soluble inorganic ions in figure 4. The transparent part of PM2.5, in 
particular, registered significantly higher values during the East type. This is partly attributed to the high values of 
fine sulphate and nitrate. Consequently one could conclude that this is related to remote transport. The 
concentration of coarse particles is increase by South types, as well as coarse calcium, nitrate and sulphate. 
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Figure 4: Influence of weather types on the immission of the PM2.5 and PM2.5-10, distinguished between 
black and transparent particles 
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Figure 5: Influence of weather types on the immission of inorganic water soluble ions 

4. CONCLUSIONS 

In conclusion, the measures to reduce traffic-related emissions have a reducing effect on nitrogen dioxide, coarse 
particles and soot. A reduction in soot exposition, e. g. by using particle filters, will not necessarily prevent PM10 
limits from being exceeded on the basis of the very low soot mass. This can led to an underestimation of the 
health benefit which these measures can have, although it is commonly known that soot exposition poses a 
particular danger to one’s health. Size- and matter differentiating measurements in addition to the legally 
stipulated control of PM10 immission provides more detailed information to identify sources of air pollutants and to 
estimate their potential danger. In order to carry out specific planning and to check the success of the reduction 
measurements, this information is of utmost importance. The weekly sampling also provides sufficient information 
for this. The financial expenditure saved in doing so facilitates a greater number of measurements for a higher 
spatial density as well as further analyses for the necessary differentiation of the contents. 
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DEVELOMENT OF FIELD MEASUREMENT SYSTEM FOR EVALUATION OF 
HEAT TRASFER IN COMPLEX OUTDOOR SPACE 

Atsumasa Yoshida, Kazuo Tanabe, Sin-ichi Kinoshita 
Osaka Prefecture University, Sakai, Japan 

 
 
Abstract 
 
The measurement of the sensible heat flux in the neighborhood of the building wall was tried by using an eddy 
correlation method. As a result, the measured value could be brought close to the value of the sensible heat flux 
discharged from the ground surface to the atmosphere by doing the coordinate transformation along the average 
wind direction A single beam type near infrared hygrometer was newly developed by using 1.37µm absorption 
band of water vapor for exact measurement in complex outdoor space. The measuring path was set up to 200mm 
and the static precision was estimated as 0.16g/kg. As for the time response, 4Hz or more was guaranteed. 
 
Key words: turbulent heat flux, urban space, eddy correlation method, infrared hygrometer, supersonic 
anemometer 
 
 
1. INTRODUCTION  
 
Recently, the heat island phenomena, in which the air temperature in the city center is higher compared with that 
in the suburbs, become a social problem in urban area. As the causes, the increase in amount of anthropogenic 
waste heat and the increase in area of artificial surfaces such as buildings and pavement sides are cited. Various 
countermeasures have been proposed such as design of wind path in urban area and creation of green belt, roof 
planting and so on. In the present study, its attention was paid to the method of arranging various types of green 
areas. In order to examine the arrangement effectively, and to estimate the required quantity and quality of green 
areas, it is necessary to perform simultaneous field measurement of latent and sensible fluxes in urban spaces. In 
the previous study, the turbulent heat exchange between an urban canopy and the sky was estimated by field 
measurement above the canopy (1). However, the measurement of turbulent heat flux in urban space is seldom 
performed. 
 
An eddy correlation method is mentioned as a reliable technique to measure latent and sensible heat fluxes. In 
the present study, first, we measured the heat budget above uniform open ground surface. As a result, the 
imbalance of the ground level heat budget was examined from the viewpoint of the installation position of the 
experimental equipment. Furthermore, at the ground surface near the building wall supposing urban space, the 
ground surface heat transfer was measured and the result was examined. 
 
2. THEORY 
 
A relation of heat balance at the ground surface is expressed with the following formula. 
 

GlEHRnet ++=  (1) 
 
where Rnet is net radiation at the surface, H is sensible heat flux, lE is latent heat flux and G is surface soil heat 
flux. This formula is the energy budget at the ground surface, and serves as the foundation. 
 
An eddy correlation method used in the present measurement will be explained. In the atmosphere, it is thought 
that the vertical mass transfer is caused by the concentration gradient and the mean flow. The amount of water 
vapor transfer is calculated by covariance of vertical wind speed w and specific humidity q. The amount of vertical 
heat transfer is calculated by covariance of vertical wind speed w and air temperature θ. Each physical quantity 

can be expressed as the sum of average and fluctuation. If the ground surface is homogeneous, w =0. 
Therefore, the latent and sensible heat fluxes are as follows. 
 

qwLlE ′′= ρ        (2) 

θρ ′′= wCH p
       (3) 

 
where L is evaporation heat of water, ρ is density of air, CP is heat capacity at constant pressure and ¯  means 
time average. In order to apply these formulas, it is necessary to measure 10Hz change of each parameter. In the 
measurement parameter, q’ is measured by the near infrared hygrometer developed in the present study and w’ 
and θ ’ are measured by the ultrasonic anemo-thermometer developed separately. The average time is about 
15~30minutes in the case of near the ground having the altitude of 10m or less. 

1-1 Gakuen-cho, Sakai, Osaka 599-8531, Japan 
ayoshida@me.osakafu-u.ac.jp 
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3. VERIFICATION EXPERIMENT 
 
Before going into main subject, the heat balance at the ground surface was measured in the place considered to 
be uniformly flat and open for accuracy verification of the turbulent heat flux measured by the eddy correlation 
method. When the sensible and latent heat fluxes were measured by using the eddy correlation method, the 
problem that ground surface heat budget did not balance occurred. It considered paying attention to the setting up 
of the measurement equipments for the turbulent heat fluxes from the ground surface, and the under estimate of 
turbulent heat fluxes. 
 
When performing outdoor measurement and measuring latent heat flux with the application of the eddy correlation 
method, the infrared hygrometer was used as equipment which measures the amount of change of specific 
humidity and the ultrasonic anemo-thermo meter was used as equipment which measures the mount of change of 
vertical wind velocity and air temperature. The distance between the two equipments has been performed about 
1m. However, in the theory of the eddy correlation method, it is assumed measuring the amount of change of the 
wind velocity of the perpendicular direction, and specific humidity by one point. The underestimate of turbulent 
heat flux may arise by this reason. In order to evaluate the fact, it measured by changing the distance between 
measurement equipments. 
 
Measurement was performed in the Nakamozu campus in Osaka Prefecture University in Sakai-shi, Osaka on 
September 2, 2005. It prepared two ultrasonic anemo-thermometers and two infrared hygrometers. It installed so 
that the distance between equipments (LD) might change with 0m, 1.0m, 1.5m, and 2.0m with each combination 
(infrared hygrometer and ultrasonic anemo-thermometer). The measurement height and the measurement 
interval were 1.5m and 0.1s. A heat flow plate and thermo couple for measuring the amount of soil heat flux G 
and net radiometer for measuring the amount of net radiation Rnet was also installed simultaneously. The 
measurement interval were 10s. 
 
Diurnal change of heat flux components is shown in Fig.1. Subscripts of latent heat flux lE are distance between 
infrared hygrometer and ultrasonic anemo-thermometer. Ratio of ground surface heat budget of day time (10:00-
16:00) is shown in Fig.2. Latent heat flux became large and residual error of ground surface heat balance became 
small when distance between equipments was made small. And when distance between equipments was made 
small, heat balance closed. When the latent heat flux was measured by using the amount of the change of 
specific humidity from the infrared hygrometer and vertical wind velocity from the supersonic anemometer on the 
basis of the eddy correlation method, it was confirmed to undervalue the obtained value of the latent heat flux 
when the distance between two measurement equipments was large. 
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Fig.1 Diurnal change of heat flux components       Fig.2 Ratio of ground surface heat budget 

 
The height of the measurement is sure not to depend on the height from the ground level if the measurement 
point exists in the surface boundary layer, when the eddy correlation method is applied and the turbulent heat flux 
is measured. However, the scale of a superior eddy becomes small when the measurement height lowers, and 
there is a possibility not to be able to measure correctly. In order to evaluate this, the sensible heat flux was 
obtained by changing the height of the measurement using the supersonic anemometer. 

 
The measurements were executed in the Nakamozu campus of Osaka Prefecture University, in Sakai-shi. Two 
supersonic thermo-anemometers were used. As for one, the measurement was done by the height of 1.5m. As for 
one, the measurement was done by the height of 2.0m or 1.0m. The sensible heat fluxes obtained by two heights 
were compared. The sensible heat fluxes measured at the height of 1.5m and 2.0m were almost equal by using 
the supersonic thermo-anemometers. From this result, it was confirmed to be able to measure correctly the 
sensible heat flux over 1.5m in height. Figure 3 shows the comparison between H1.5m and H1.0m. The affixing 
character shows the height of the measurement here. There is time zone that the value of H1.0m has been 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

721



becoming small compared with the value of H1.5m. It has been understood that there is a possibility of 
undervaluing the sensible heat flux in the height of the measurement of 1.5m or less. To examine the size of the 
eddy, that is the frequency, which took part in the undervalued latent heat flux, the frequency analysis was done. 
The data was analyzed with FFT by using 8192 points. The lines were displayed after smoothing by 20 points. 
Figure 4 shows the power spectrum at 1:00PM from which a big difference is seen in the value of the sensible 
heat flux. The power spectrum w’θ ’ has become small in the low frequency region of 0.1Hz or less by 1.0m in 
height. It is thought that the sensible heat flux measured by 1.0m in height was underestimated on account of a 
big scale of eddy having been undervalued. It is possible that the big scale of eddy was not caught in a low 
measurement point, though the eddy is more predominant for the heat transfer in unstable state in daytime than in 
steady state. 
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Fig.3 Comparison of H1.5 with H1.0               Fig.4 Power spectrum of θ ′′w   (13:00) 

 
4. MEAUREMENT NEAR THE WALL SURFACE 
 
The eddy correlation method was applied in the vicinity of the building wall where it assumed in the urban space. 
The sensible heat flux was measured by two supersonic anemo-thermometers from the ground level to the height 
of 1.5m. One set up from the wall to the point of 5m (p point), and another set up from the wall to the point of 0.5m 
(w point). The vertical wind speed and air temperature change were sampled by 10Hz. The average time was 
assumed to be 15 minutes. 
 
Figure 5 shows the time change of the vertical wind velocity at p point wp and w point ww, respectively. The 
average vertical wind velocity at p point was almost zero, and was not influenced to the wind with the wall. On the 
other hand, the influence with the wall was received at w point in the vicinity of the wall. The horizontal wind 
direction faced almost the wall in the measurement period. It is thought that the sensible heat flux Hp measured 
with the supersonic anemo-thermometer set up at p point shows the sensible heat flux from the ground level to 
the atmosphere. On the other hand, it is thought that the influence with the wall has been received at w point in 
the vicinity of the wall. The influence of the wall at w point was assumed only to rotate the direction of the average 
flow of the wind. The sensible heat flux Hw was recalculated after the geometric transformation had been done 
along the average velocity of the wind for a momentary velocity of the wind. The sensible heat fluxes Hp, Hwm, and 
Hw are shown in Fig. 6. The obtained sensible heat flux Hwm that applied the usual eddy correlation method to the 
data measured at w point had the enormous discrepancy for Hp depending on time. It was thought that the 
sensible heat flux from the ground level at w point was not correctly appraised. It can be confirmed that the 
difference of Hw to Hp has become small by giving the geometric transformation along the average velocity of the 
wind to a momentary velocity of the wind. It was possible to bring it close to the sensible heat flux from the ground 
level in the vicinity of the wall by giving the geometric transformation 
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Fig.5 Vertical wind velocity                     Fig.6 Diurnal change of sensible heat flux 
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5. DEVELOPMENT OF NEAR INFRARED HYGROMETER 
 
Infrared hygrometer is an equipment using the feature that the white light is absorbed in the specific wavelength 
by water vapor. Monochromatic light transmittance τ is expressed as follows from the law of Beer.  
 

kqle−=τ   (4) 
 
where k is absorbance in unit length and unit specific humidity. l is the measurement light path length and was set 
to 200mm with the developed hygrometer. There are several absorption band of water vapor. In the present 
study, 1.37µm absorption band close to visible wavelength was selected because the optical components such as 
a detector are comparatively cheap. An outline of near infrared hygrometer is shown in Fig.7. Out of regard for the 
detection part, an aperture diaphragm of the shape of a cylinder with 25mm in diameter and 50mm in length is set 
in order to prevent influence of external light. For monitoring the output change of a light source, the same type 
band path filter and InGaAs-photodiode detector are installed near the light source. It is treated as a reference 
light output. It is checked by the experiment measuring background output in fine outdoor space that there is no 
influence by external light in both of outputs. It is not necessary to chop measurement light mechanically, so 
vibration noise generated can be prevented. Moreover, since the output is continuing, it is easy to change a 
sampling frequency according to required measurement frequency. Measurement light is defined as Vm, reference 
light is defined as Vr. From Eq.(4), the relation between specific humidity q and the fraction of reference light and 
measurement light Vr / Vm is as follows. 
 

m

r

V

V
Akql ln−=    (5) 

 
A and k are found by conducting a proofreading experiment beforehand. The result of the proofreading 
experiment of near infrared hygrometer conducted in the stationary state is shown in Fig.2. Within the sealed 
container, proofreading experiment was performed using a average thermo-hygrometer (platinum thermometer 
and electrostatic hygrometer). The accuracy of the used equipment was ±1% about average humidity and 0.5� 
about temperature. The estimated accuracy of q was about 0.1g/kg. The range of air temperature was 25.4~32.6
� and the range of relative humidity was 44%~86%. In Fig.8, the solid line is the approximation straight line 
requested by a minimum least-squares method. The standard deviation of the output of the near-infrared radiation 
hygrometer to the straight line was 0.16g/kg and the correlation coefficient was 0.99. In the developed near-
infrared radiation hygrometer, it was confirmed to be able to catch the change up to 4Hz. 
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                     Fig.7 Outline of near infrared hygrometer                  Fig.8. Relation between specific humidity 

and fraction of outputs 
 
6. CONCLUSIONS 
 
The turbulent heat flux from the ground level to the atmosphere was measured by using the eddy correlation 
method. As a result, it has been understood to be able to reduce the underestimation of the turbulent heat flux by 
the method of setting up the experimental equipment. At the measurement point in the vicinity of the wall where 
the time averaged vertical wind speed was not zero, the measured value was able to be brought close to the 
sensible heat flux from the ground level by giving the geometric transformation along the time averaged wind 
velocity for a momentary wind velocity. We newly developed a near infrared hygrometer using 1.37µm absorption 
band of water vapor and the following knowledge was acquired. The static accuracy of specific humidity of 
0.16g/kg and the frequency characteristic over 4Hz were checked. 
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ON THE SEMI-EMPIRIC RELATIONS BETWEEN CHARACTERISTICS OF TURBULENT 
DIFFUSION AND SOME PARAMETERS MEASURED BY SODAR IN THE PLANETARY 

BOUNDARY LAYER  
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Abstract 
 
The paper presents a systematization of horizontal wind speed profiles in the atmospheric boundary layer under 
different stability conditions based on sodar measurements. The data were obtained in the measurements 
campaign in rural area in summer 2005.  Wind profiles and temperature structure function were used to 
investigate the properties of the atmospheric boundary layer and to estimate vertical profiles of the turbulent 
diffusion during different time of a day and under different meteorological conditions. The results for the stable 
boundary layer are discussed in details in the paper.  
 
Key words: sodar measurements, boundary level properties, wind speed profiles, turbulent diffusion  
 
1. INTRODUCTION  
 
In discussion of air quality problems the main target is air quality in big cities.  The population density is very high 
in urban areas and is accompanied by a great concentration of industry and traffic and hence the associated 
pollutants level is high. The behavior and spatial distribution of air pollution depends on meteorological conditions, 
especially processes within the urban boundary layer (UBL). Meteorological data that would characterize 
processes within the UBL differ from meteorological data measured in a standard way and very often they are not 
available because there is only limited number of meteorological sites in the cities where these data are 
measured. Urban pollution meteorology is characterized by a number of fundamental parameters and their 
evolution in time, which all have specific problems as to their monitoring, representativeness, parameterization 
and modeling (Arya, 1995). Profiles of turbulence statistics, such as velocity variances, throughout the entire 
urban boundary layer are essential for pollutant dispersion modelling (Nieuwstadt and van Dop, 1985; Berlyand, 
1985; Byzova, 1974). There are a number of international programmes (COST-710, COST-715, COST-732 and 
many others) to improve the urban air pollution modelling including boundary layer description, which highlighted 
the complexity of the problem.  
Surface standard meteorological stations as well as remote radio-sounding system are not able to provide the 
information on spatial (including vertical) structure of the wind field at the altitudes more then few tens of meters. 
The most suitable way to measure the wind profiles in the boundary layer is remote sounding with Doppler sound 
locators (sodar). Investigations carried out in several European (Rome, Milan, Athens) cities with the help of 
sodars showed that every city has its special features of the wind field structure (COST-715). In Moscow and its 
suburbs several sets of wind profiles measurements in different seasons were carried out what let us obtain some 
interesting preliminary results of the wind distribution. 
In the paper we made an attempt to summaries the wind profile measurements in summer 2005 and to find a 
suitable empiric relations with other characteristics а the atmospheric boundary layer.   
 
2. EXPERIMENTAL  
 
To measure wind speed profiles 
the acoustic sounding is wildly 
used. For the measurements 
campaign carried out in 
Zvenigorod (50 km from Moscow) 
in summer 2005 an acoustic 
sounder LATAN has been 
developed by the Institute of 
Atmospheric Physics. It is based 
on the effect of acoustic waves 
scattering by turbulent non-uniformities in the atmosphere. Monostatic sodar sends powerful acoustic signal of 
fixed frequency upward and than register the scattered backward signal. The intensity of the signal scattered at a 
certain altitude defines the intensity of the turbulent mixing at this altitude. Doppler frequency shift defines radial 
velocity of the turbulent non-uniformities transport by wind. Continuous record of the scattered signal let us obtain 
the vertical profiles of the measured parameters. In a three-componential variant of sodar emission and 
registration is done in two inclined and in vertical direction which give us possibility to get a total wind vector.  

                                                 
1 Corresponding author address: vicmail@yandex.ru 
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The measurements campaign was carried out since 3 June to 19 June 2005 in Zvenigorod. Profiles of the 
horizontal and vertical wind speed under different conditions (time of the day, different speed of springing up 
airflow) were obtained. Continuous measurements were carried out with time resolution 15 seconds while for 
further analysis 15 minutes averaged profiles were used. Several individual profiles of the horizontal wind speed 
are presented in Fig.2. 
 
3. SYSTEMATIZATION OF THE OBTAINED WIND PROFILES   
 
To systemize the obtained experimental wind profiles a clustering procedure has been applied to the 15 min 

averaged profiles. The optimal number of clusters was 
estimated based on the minimum of total intra-class dispersion. 
As it can be seen in Figure 3 the optimal number of classes 
equals to 5.  
It is not easy to attribute obtained clusters to the classes of the 
atmospheric boundary layer stratification. General clusters 
properties are like to following. The first cluster (Fig.4) has the 
biggest wind speed gradient in the boundary layer (up to 14 m/s 
at 450 m altitude). The shape of the horizontal wind speed 
profile is nearly linear. Such wind speed distribution is observed 
in about 15% of cases and mainly at night. Such profiles are 
characteristic for the stable stratification of the atmospheric 
boundary layer. In the most of observational cases (about 40%) 
horizontal wind speed profiles correspond to the cluster 2.  It is 
characterized by the least wind speed in the boundary layer and 
is observed all the day long. This cluster is likely to describe 
neutral stratification of the boundary layer. Wind speed profiles 
which belonging to the cluster 3 and cluster 4 are mainly 

observed after noon in 10.7% and 26.7% of cases 
correspondingly. In the case of the third cluster 
horizontal wind speed maximum is observed at 200 m 
with only slight variability above this level. For the 
fourth cluster wind speed is two times less than for the 
previous case but it is well described by logarithmic 
distribution. It is likely that both cases describe 
convective stratification of the boundary layer but with 
a presence of elevated inversion in the case of the 
cluster 3.  
Profiles of the type of cluster 5 are observed mainly in 
the morning and less than in 8% of cases. Such 
profiles are likely to characterize stable stratification of 
the boundary layer with pronounced temperature 
inversion.   
 
4. SODAR MEASUREMENTS APPLICATION FOR 
BOUNDARY LAYER DESCRIPTION 
 

In recent years, a number of boundary-layer 
parameterization schemes has been developed to 
estimate the components of the surface energy 
balance (net radiation, sensible heat flux) and 
other UBL parameters (wind, temperature and 
turbulence profiles, the mixing height) on a routine 
basis from hourly standard meteorological data. 
For the former terms, the most referred ones are 
the method of van Ulden and Holtslag (1985) and 
of Berkowicz and Prahm (1982). COST-710 
(1998) reviewed and performed inter-comparisons 
of these methods against rural data. Possible 
errors and differences between methods used in 
this pre-processing can be of comparable or even 
greater importance to errors occurring in the 
dispersion modeling itself. 
Sodar data can be used to describe the boundary 
layer properties directly based on the 
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measurements. In stable conditions, the mixing layer height used in the most of parameterizations of the vertical 
turbulent diffusion coefficient is identified as a local minimum level of the structure parameter for temperature 

2
TC , just above its first maximum from the surface: min)( 2 == Tstable Czh . Under convective conditions, 

because the maximum measurement level reached by the sodar is always below the mixing height, a similarity 

method based on profiles of the vertical standard deviation wσ  can be applied, as suggested by Seibert et al. 

(1998). In these conditions, the wσ - maximum level is taken as the third of the mixing 

height max)(*3 == wconv zh σ .  For neutral conditions the mixing layer height is not estimated from sodar 

measurements. 

The relation between vertical wind speed dispersion and turbulent diffusion profile )(zK z can be estimated for 

the stable stratification of the boundary layer based on the following approach: 

mwwz zK λσ15,0)( = , 

Where wσ  is a dispersion of the vertical wind velocity, mwλ  is a wavelength, which corresponds to the maximum 

in energy spectrum of w-wind speed component.  Numerically mwλ  can be estimated as w
w

Emw T σλ 10= , where 

Eulerian time scale 
w

ET  is supposed to be equal to the Lagrangian one, which in term can be describe by the 

following formulae: 
8,0

1,0 






=
h

zh
T

w

w
L σ

, h  is a mixing layer height.   

An example of this algorithm application is presented below. On the data of measurements of the vertical wind 

speed profile wσ  was estimated which next was used to evaluated )(zK z  in accordance with the formulae 

presented. Mixing layer height has been detected based on the )(2 zCT  minimum which value is proportional to 

the reflected back signal registered by sodar. The results are presented in Fig. 5.  

There are the other approaches to estimate )(zK z  based on <u'w'> and wind profiles measured with sodar but 

they are not discussed in the current paper. 
 

0 20 40 60 80
0

50

100

150

200

250

300

350

400

450
0 2 4 6 8 10 12 14 16

 

A
lt

u
tu

d
e,

 m

K
z
(z), m2/s

 Kz(z)

horizontal wind speed, m/s

Figure 5. Vertical distribution of the horizontal wind speed and estimated 
vertical coefficient of turbulent diffusion for the case of the stable stratification.  

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

726



5. CONCLUSIONS  

 
In the paper, the results of the sodar application for investigation of the atmospheric boundary layer are 
discussed. The sodar was found to be a good approach to obtain the main characteristics of the atmospheric 
boundary layer, which are necessary for the models of the pollutants diffusion. Vertical profiles of the horizontal 
wind speed were separated in several distinct clusters and their properties are discussed. In the most of cases, 
atmospheric stability is not very strict and the boundary layer either neutrally stratified or is weakly convective. 
This is connected to the fact that measurements were carried out in summer in rural region. The cases of strong 
atmospheric stability and convection in the boundary layer were also registered with typical linear and logarithmic 
wind speed profiles.  
The measured structure function was used to evaluate the mixing layer height. A simple parameterization of the 
vertical diffusion coefficient based on the vertical wind speed profiles and estimated mixing layer height has been 
applied for the case of the stable stratification. For the cases of other than stable stratification possible 
parameterizations are being developed.  
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SPATIAL DIFFERENTIATION IN ACTIVE SURFACE TEMPERATURE IN 
WARSAW 

 
Anna Beata Adamczyk, Krzysztof Blazejczyk 

Instutut of Geography and Spatial Organization Polish Academy of Science, Warszawa, Poland 
 
 
Abstract 
 
The aim of the study is to analyze thermal variation of surface in Warsaw using Landsat TM data to evaluate the 
living condition in this area. TM sensor records thermal information with very good resolution to detect 
temperature variability in urban region. It is also possible to determine the influence of land cover to temperature 
value. However, Landsat TM provides the information about momentary atmospheric condition due to the lowest 
frequency of thermal image acquisition. The comparison with multiannual data results in the climatological 
usefulness of Landsat TM data.  
 
Key words: Landsat5TM, surface temperature, urban area 
 
 
1. INTRODUCTION  
 
Temperature is a very important characteristic in climatological studies. However, there is difficult to display detail 
spatial distribution of this parameter especially in urban region because there is not enough meteorological 
stations network. The energy, radiated from a surface, is a function of the temperature of that surface and its 
emissivity. Therefore, in a region with a mosaic land cover, its differentiation has a significant effect on the 
variability of surface and air temperature. This can be presented using the remote sensing method.  
 
Satellites provide instant data for land cover and thermal parameter from entire urban area of Warsaw. The main 
advantage of using satellite data is the great number of measurement’s points of temperature (62500 points in 
comparison to 5 points of standard meteorological stations). 
 
The distribution of thermal energy results from natural features and human activities, such that for example: fields, 
houses and factories affecting changes in temperature (Adamczyk et al. 1999; Adamczyk 2002). It is important to 
know which factors effects the change in thermal energy and how these changes proceed. The main purpose of 
this paper is to show spatial diversification of Land Surface Temperature (LST) in Warsaw urban area and their 
relations with selected land cover types. 
 
2. DATA AND METHODS   
 
Data used in this study were obtained from Landsat Thematic Mapper (TM) acquired for July 15, 1987. Landsat 
satellites are launched into near-polar sun-synchronous orbits. TM, on board the Landsat satellites, scans in 
seven channels from the visible and near-infrared to the thermal infrared. The ground resolution of thermal image 
is 120 m.  
 
To derive Land Surface Temperature from the image atmospheric correction, based on ground measurement 
algorithm, was applied. Van de Gried and Owe method was used to calculate thermal emissivity (Van de Gried 
A.A., Owe M. 1993). 
 
To analyse temperature variation of an active surface it is necessary to classify different types of land cover. In 
this paper the classification was made using the Pattern Decomposition Method (PDM), as developed at the 
Department of Information and Computer Science, Nara Women’s University. The PDM is an analytical method 
based on a linear spectral mixing of ground objects for multidimensional satellite data (Muramatsu et al. 2000). 
 
We also used multiannual (1981-1990) meteorological data at 9:00 UTC from Warszawa-Okecie meteorological 
station. 
 
3. LANDSAT TM DATA IN CLIMATOLOGICAL STUDY 
 
Thermal channels included in satellite sensors detect surface temperature in many places of the earth. 
Meteorological satellites like Meteosat Second Generation or NOAA register surface information with medium 
spatial resolution sufficient to analysis in regional or meso scales but with the highest frequency (Tab. 1). 
Whereas satellites Landsat present the highest spatial resolution of thermal channel, that allow to study 
temperature change in such complex surface like urban area. 
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Table 1. Satellite characteristics 

Type Geostationary 
weather satellite 

Polar weather 
satellites 

Polar environmental 
satellites 

Name MSG NOAA Landsat TM, ETM+ 
Resolution of thermal band 3 km 1 km 120 m, 60 m 
Image repeat frequency 15 minutes 2-4 hours 16 days 

  
The Landsat TM sensor registers information once every 16 days. This represents thermal energy existing only at 
the extracted time of the given day. In climatological studies time average data is used to evaluate 
weather/climate conditions. Thus thermal conditions in satellite acquisition time were compared with monthly and 
multiannual data. This comparison will specify the anomaly rate of thermal data during satellite scan. Air 
temperature data from Warszawa-Okecie station were used in this purpose.  
 
Weather conditions in Poland have clear seasonal pattern. However, natural factors and human activity can 
slightly modify this pattern from year to year. 10 years is the optimal period in calculating average air temperature 
including the phenomenon mentioned above.  
 
The standard mean daily air temperature is calculated from the whole days and includes both, the maximum 
temperature of the day and the minimum temperature of the night. However, the temperature calculated from 
satellite data presents the hourly temperature – at 9:00 UTC. The difference between mean daily temperature and 
temperature measured at 9:00 UTC varied from 0.5°C to 3.1°C (Adamczyk 2000). This is why mean daily 
temperature cannot be used to validate thermal conditions in satellite observation time. Instead of mean daily 
temperature, average air temperature at 9:00 UTC (called satellite air temperature) was considered. The 
frequency of observed air temperature was determined over the period of 10 years (Fig. 1). 
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Fig. 1. Frequency (in %) of satellite time air temperature (9:00 UTC) in Warszawa-Okecie station, years 1981-
1990. 
 
Three temperature ranges: 16.0-16.9°C, 19.0-19.9°C and 20.0-20.9°C occur very often in July over 1981- 1990. 
The arrow points the interval including the air temperature registered in satellite record time. So big frequency of 
air temperature ranges pointed suggests that these temperature values were essential to create average thermal 
conditions in July. The relation between mean air temperature and air temperature at 9:00 UTC is shown in      
Table 2. 
 
Table 2. Standard deviation and difference between selected and average air temperature. 

Month 
 

Difference between air 
temperature at 9:00 
UTC and monthly air 
temperature (°C) 

Standard deviation 
of monthly air 
temperature at 9:00 
UTC 

Difference between air 
temperature at 9:00 UTC 
and that over 1981-1990 
(°C) 

Standard deviation 
of air temperature at 
9:00 UTC over 
1981-1990 

July 0.6 3.3 0.9 3.8 

 
The air temperature at 9:00 UTC was higher than the monthly air temperature. However, the standard deviation, 
calculated for monthly temperature, showed these difference negligible. The comparison of air temperature at 
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9:00 UTC and that over the 10 years showed the higher value in extracted satellite acquisition time than the 
former one. As in the previous calculation, this difference was negligible according to the standard deviation 
calculated for average satellite air temperature over 10 yeas. The results showed, that thermal condition at 
analyzed satellite acquisition time was typical for July. 
 
4. RESULTS 
 
4.1. Variation in Land Surface Temperature in Warsaw area 
 
Analysis of spatial distribution of LST was made based on deviations of its value observed at Warszawa-Okecie 
meteorological station, that in Warsaw urban climate studies is considered as a reference point. In July the 
influence of urbanization into LST was very strong. In the image (not visible in the abstract), the outline of land 
development was clearly identified, especially for industrial areas (some hot spots), where maximum temperature 
was 10°C higher then that in the reference point. 
 
Urban morphology such as building materials, geometry and density is a very important factor that diversify LST 
values. Replacement of natural environment with non-evaporative surfaces (metal, concrete) implied LST rise. 
Build-up settlement with small vegetation rate located on the outskirts of the town (Chomiczówka, Stegny) 
indicated higher LST value than residential districts, where building were frequently mixed with forest and 
grassland (Wilanów, Saska Kepa). Compact development in downtown resulted in temperature increase about 
8°C, in relation to reference point. 
 
All vegetation cover was indicated by low LST because dense vegetation can reduce amount of heat stored in the 
soil and surface through transpiration. Thermal contrast between vegetation and urban build-up areas was clearly 
marked at the edge of the park and cemetery of Warsaw. At that places LST changed rapidly about 5°C/60 m . 
 
4.2. UHI intensity in Warsaw area 
 
The spatial distribution of LST depends on the type of land cover. Eight types of land cover were distinguished to 
analyze LST variation of an active surface in Warsaw. In climatological studies, Warsaw UHI effect is evaluated 
by comparison of air temperature value from urban to Warszawa-Okecie reference point (RP1). In this research 
we also used spatially averaged LST from area surrounding administrative border of Warsaw as a reference site 
(RP2). Positive values display the warming effect of urban area in selected type of land cover (Fig. 2). 
 

Fig. 2. Differences in Land Surface Temperature (dt) between: Warszawa-Okecie reference point (RP1) and 
various sites of Warsaw area, rural area (RP2) and various sites of Warsaw area. 
1 - water, 2 - bare soil, 3 - residential district, 4 - downtown and industrial area, 5 - sparse vegetation, 6 - medium-
size vegetation, 7 - mixed forest, 8 - deciduous forest. 
 
In comparison to the both reference points the warmest were areas with sparse vegetation, residential districts as 
well as downtown and industrial areas. As for RP1, water areas, medium-size vegetation and forested areas were 
discriminated to be colder in urban than in rural region. This was because RP1 represented only one type of land 
cover – grass, that is usually warmer than water or dense vegetation area. Whereas RP2, consisted on various 
land cover types, made comparison of different areas possible.  
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5. CONCLUSIONS 
 
Landsat satellites system presents the highest spatial resolution of thermal channel, that allow to study 
temperature change in complex surface urban area. However Landsat TM image provide instantaneous value of 
Land Surface Temperature. Using ground-base air temperature it was possible to determine average thermal 
conditions and to compared them with actual thermal conditions during satellite acquisition time. This validation of 
temporary value defined its rate of anomaly and allowed to imply assigned spatial relation of LST over longer time 
interval. 
 
Distribution of LST showed very strong influence of buildings into increase of LST values in July. The greatest 
spatial contrast in LST was observed at the borders of parks and cemeteries. Detailed analysis of LST indicated 
great influence of urban morphology into the shape of UHI. There are a lot of vegetated sites in Warsaw therefore 
the structure of UHI became cellular with many hot spots (usually industrial areas). 
 
The intensity of UHI for selected types of land cover was analyzed according to spatially averaged LST from area 
surrounding administrative boundary of Warsaw. Apart from bare soil the selected types of surface were warmer 
inside the Warsaw. 
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Abstract 
 
In this work we present an analytical solution for the non-stationary two-dimensional advection-diffusion equation 
to simulate the pollutant dispersion in the planetary boundary layer. The advection-diffusion equation is solved by 
the application of the Laplace Transform technique and the solution of the resulting stationary problem by the 
GILTT method. We also report numerical simulations and statistical comparison with experimental data available 
in the literature. Such remarks lead to the conclusion that the proposed approach could be used in an operative 
model of pollutant dispersion into the atmosphere, as a tool for the evaluation and management of air quality. 
 
Key words: GILTT, Air quality, Atmospheric dispersion 
 
 
1. INTRODUCTION  
 
Recently, has appeared in the literature the Generalized Integral Laplace Transform technique (GILTT method) 
which solves the advection-diffusion equation in an analytical manner to simulate contaminant dispersion in the 
planetary boundary layer (PBL).  The main idea relies on the steps: construction of an auxiliary Sturm-Liouville 
problem, expansion of the contaminant concentration in a series in terms of the obtained eigenfunctions, 
replacing of this ansatz in the original equation and finally taking moments, we come out with a set of ordinary 
differential equations which are then solved analytically by the Laplace Transform technique. For more details see 
the works of Wortmann et al. (2005) and Moreira et al. (2005a). 
In this work we step forward now solving by this methodology the time-dependent two-dimensional advection-
diffusion equation. For such we transform the time dependent problem into a steady-state by the application of the 
Laplace Transform technique and solve the resulting equations following the procedures of Wortmann et al. 
(2005) and Moreira et al. (2005a). We obtain the final solution of concentration inverting numerically the Laplace 
Transform concentration by the Gaussian quadrature scheme.  
We outline this paper as follows: in section 2, we present the solution of the non-stationary advection-diffusion 
equation; in section 3, we briefly report the parameterization considered; in section 4, we report numerical results 
and comparisons with experimental data. Finally, in section 5, we present the conclusions. 
 
2. THE GILTT SOLUTION   
 
Atmospheric air pollution turbulent fluxes can be assumed to be proportional to the mean concentration gradient. 
This assumption, along with the equation of continuity, leads to the advection-diffusion equation. The cross-wind 
integration of the advection-diffusion equation leads to: 
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subjected to the boundary conditions of zero flux at the ground and PBL top, and a source with emission rate Q  

at height 
sH : 
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and also assume that at the beginning of the pollutant releasing the dispersion region is not polluted, we mean: 
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0)0,(x, =zc                                        at  t = 0                                                                                                          (1c) 

 
where h  is the boundary layer height, U  and W are  the wind velocity in the x  and z directions respectively, zK  

is the vertical eddy diffusivity and c  denotes the crosswind integrated concentration. 
Using the Laplace Transform technique, transforming t  into r  and c  into C , we have:  
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Now we are in position to solve the stationary problem (2) by the GILTT approach. Firstly, we expand the pollutant 
concentration in the series: 
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...,3,2,1,0=i ) of a associated Sturm-Liouville problem. It is important to mention that the problem (3) has the 

additional term of advection in the z direction regarding the works of the Wortmann et al. (2005) and Moreira et al. 
(2005a). That is the reason we can’t straigthly apply the GILTT solution attained by these authors. Therefore, by 
similar procedure, we replace the above ansatz in Eq. (2) and by taking moments we get: 
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Rewriting Eq. (4) in matrix fashion, we obtain: 
 

0),(),( =+′ rxFYrxY                                                                                                                  (5) 

 

where ),( rxY  is the column vector whose components are ),( rxci
 and the matrix F  is defined like EBF 1−= .   

The matrices B and E  are respectively given by: 
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The transformed problem represented by the Eq. (5) is solved by the Laplace Transform technique and 
diagonalization and his solution is (Wortmann et al., 2005; Moreira et al., 2005a): 

 
ξ).,(.),( rxGXrxY =                                                                                                (7) 

 

where ξ  is the integration constant vector, G is the diagonal matrix with elements have the form xdie− ,  X  is the 

eigenfunction matrix and id  are the eigenvalues of the matrix F . Therefore, the transformed solution given by 

Eq. (3) is well determined.  
Finally, the time dependent concentration is obtained by inverting numerically the transformed concentration 

),,( rzxC  by a Gaussian Quadrature scheme: 
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where

kA  and 
kP  are the weights and roots of the Gaussian quadrature integration scheme and are tabulated in 

the book by Stroud and Secrest (1966). 
 
3. TURBULENT PARAMETERIZATION 
 
In terms of the convective scaling parameters the vertical eddy diffusivity can be formulated as (Degrazia et al., 
1997): 
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The wind speed profile can be described by a power law expressed as follows (Panofsky and Dutton, 1988): 
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where zu  and 1u  are the mean wind velocity at heights z  and 1z and n is an exponent that is related to the 

intensity of turbulence (Irwin, 1979). 
 
4.  RESULTS 
 
We evaluated the performance of the model with the boundary layer parameterization proposed, using the 
Copenhagen data set (Gryning and Lyck, 1984). We used the values of the crosswind integrated concentrations 
normalised with the tracer release rate from Gryning et al. (1987). In particular, we used 20 minutes averaged 
measured concentrations and 10 minutes averaged values for meteorological data. For details of the 
experimental data see the work of Tirabassi and Rizza (1997).  

In Figure 1 we show the observed and predicted scatter diagram of ground-level crosswind concentrations using 
the GILTT approach for 0W = . Regarding this issue, is important to point out that the model reproduces very 
well the observed concentration. 
 

 

Figure 1. Observed (Co) and predicted (Cp) scatter plot of crosswind ground-level concentration for the 
Copenhagen experiment. Data between dotted lines correspond to ratio Co/Cp [ ]2,5.0∈ . 

Statistical comparisons with other methods for the Copenhagen experiment are reported in Table 1: the ADMM 
model of Moreira et al. (2005b) was obtained by a Laplace Transform technique with numerical inversion 
considering the PBL as a multilayer system where in each layer the eddy diffusivity and wind are constants. The 
another one, is the M4PUFF model (Tirabassi and Rizza, 1997) based on a general technique for solving the K-
equation, using the truncated Gram-Charlier expansion (type A) of the concentration field and a finite set 
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equations for the corresponding moments. Analysing the statistical indices (Hanna, 1989) in Table 1 we notice 
that these models simulates satisfactorily the observed concentrations, regarding the nmse (normalised mean 
square error), fb (fractional bias) and fs (fractional standard deviation) values relatively near to zero and r 
(correlation coefficient) and fa2 (factor of two) relatively near to 1. A more detailed inspection of the Table 1 
permits to stress that the GILTT results presents the best values for nmse, r and fa2. 

Table 1. Statistical evaluation of models results.  
model nmse r fa2 Fb fs 

GILTT 0.09 0.85 1.00 0.11 0.13 
 M4PUFF 0.21 0.74 0.90 0.10 0.45 

ADMM 0.15 0.81 0.95 0.18 0.38 

 

5. CONCLUSIONS 
 
Analysing the results encountered depicted in the Table 1, we can say that, under  statistical point of view, the 
results attained present a good comparison with the experimental data. Therefore the methodology discussed is 
promissing to simulate polutant dispersion in atmosphere. The oscilatory and overflow behaviour, observed in the 
Laplace numerical inversion of the concentration by the Gaussian quadrature scheme with the increasing order of 
quadrature (N), could be mitigated replacing this inversion method by modern robust numerical inversion 
schemes like the fixed Talbot method (Abate and Valkó, 2004), which allows to get results with a prescribed 
accuracy. We focus our future attention in the task of improving this method in order to make it more operational 
for air quality modeling. 
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Abstract 

Due to the climatic control of the sea, the Helsinki Metropolitan Area (HMA) has special features of temperature 
variation moving from the coastline towards the inland. Since August 2002, a network of air temperature measurement 
points has been built up on a line from the coast of the Baltic Sea to approximately 20 km to the inland. Based on this 
network it is possible to monitor the spatial variation of temperature under different mesoscale air mass circulation 
patterns in densely built-up urban and in less dense suburban area. By comparing the 2-minute air temperature 
measured at the network points with air temperature, relative humidity, and wind speed and direction measured on 
three observations sites of the Finnish Meteorological Institute, FMI,  we can define the local impacts into temperature 
patterns. The results of the present studies can be used as an input to local forecasting models (4) and other local 
area weather applications.  
 
Key words:  Urban climate, temperature gradient, mesoscale air mass circulation patterns 
 
 
Introduction 
 
The network was founded in August 2002. At this time there was no permanent urban network measuring air 
temperature in high latitude than 60° N. The networ k was build up in two phases where different instruments and 
radiation shields at different observation sites were used. The purpose of the network was focused from the beginning 
on the observation of coastal air temperature gradient observations. Reason for that was, that the city of Helsinki is 
situated on the north shore of the Gulf of Finland. With a highly structured coastline the downtown area lies on a 
peninsula with waterbodies not more fareaway than one kilometer away. The city of Helsinki has about 550.000 
inhabitants and with its neighbour communities the number of inhabitants reaches one million. During spring and 
autumn the near-by water bodies may cause locale scale differences in air temperature. These phenomena are 
intensified by the geomorphical structure of the Helsinki Metropolitan Area (3). The urban network is operating as 
testfield for many applications. On one side the technical services of the FMI studied the use of different datalogger 
type for technical purposes. The results and knowlegde were used in developing of a pedestrian weather forecast 
service. And last not least the data of the urban climate network is available for the Helsinki Testbed community (2). In 
general the data will be collected for several years for basic researches. 
 
Intrumentation 
 
In the pilot phase of the urban climate network (August 2002 – December 2003) small off-line dataloggers with simple 
radiation shields were used. The measuring intervall was set to 2 minutes to catch short-time air temperature 
variability. The radiation shield didn’t allow to mount the dataloggers in full sunshine. Therefore the observations sites 
didn’t fullfil all WMO standarts of air temperature measuring sites. During the end of the pilot phase the dataloggers 
were replaced with enhanced one using standard radiations shields. Based on the experiences from the pilot phase 
almost every observation site was relocated. Unfortunately the used datalogger type was not technically 100 % 
reliable. This cause losts of data. As a result it is not always possible to calculate mean monthly air temperature 
values. During the last year the reliability of the dataloggers increased.  
 
Stations 
 
Today the network includes 14 air temperature observation points and three official synoptical weather stations of the 
Finnish Meteorological Institute. The official synoptical stations are Helsinki Isosaari, an island station in the 
archipelago of Helsinki, Helsinki Kaisaniemi, the oldest weather station in Finland (since 1829) and Helsinki-Vantaa 
airport. Three datalogger observation points are in the downtown area, located due to WMO standard (1) in 2 meter 
height above a short cut grass area. One observation point is located on an island near the downtown area, five in 
suburban areas and an other five as background observation points in a circle of 15 to 20 kilometers around the city 
center.  
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Preliminary results 
 
There are some air mass circulation patterns having greater influence on the air temperature distribution than others. 
These circulation pattern are those when the wind is blowing right-angled from and towards the Gulf of Finland. In 
both cases the wind might blow with force or not. When the wind blows from the sea, in spring and in summer, colder 
air  from the sea will be distributed far more inland, in autumn it will be the case with warmer wind. If the wind blowing 
towards the sea especially during the colder season the temperature distribution in the coastal area will be more or 
less the same. In weak-wind situations there might build up local inversion. Mesoscale air circulation might be 
influenced by the sea - or landbreeze phenomena and have impact into local air quality and road conditions.  
The case study here describes the situation around the March, 27th, 2006. The observation points used in this case 
study are Bulevardi, right in the middle of the downtown area. This is our most urban observation point. Villinki is 
located on an island with the same latitude as Bulevardi, but about 10 kilometers to the east. East-Pakila is a 
suburban observation point about 8 kilometers NNW from Bulevardi, on the north slope of a bedrock hill area. The 
fourth observation point Backas situated on the north edge of a large flat clay river valley, about 13 kilometers north 
from Bulevardi, 5 kilometers south from the Helsinki Vantaa airport. At that time there were ice in Gulf of Finland. In 
the archipelago the ice cover reached a thickness from 40 to 60 cm.  
 
The synoptical observations from Helsinki Vantaa airport (AIR) and Helsinki Kaisaniemi (KAISA) were as followed: 
All times: Eastern European Time 
 
Date Time        Temp Cloudiness  Wind speed     - direction 
 
  AIR KAISA      AIR  AIR    KAISA  AIR    KAISA 
 
26/03 20:00 -2.9 -2.2       1    1 3 160 200  
 23:00 -6.1 -6.8       0    1 1 170 140 
27/03 02:00 -9.8 -8.7       1    1 1 100 150 
 05:00 -11.4 -8.1       1    1 1   40 110 
 08:00 -8.8 -7.5       7    2 2   80 100 
 11:00 -1.2 -2.0       7    6 3 120 100 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Picture 1. Weather chart 27.3. 2006, 0.00 UTC, MetO ffice, UK.     
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As shown in Picture 1 the air mass circulation indicates a southernly pattern, but only with very light winds. Near the 
ground wind turned to the east. At midnight there was clear sky with a strong cooling due to out-going radiation. In the 
morning hours the cloudiness and wind speed increased before the warm front of the developed depression system 
with several smaller subdepressions and their frontal systems.  The corresponding air temperature curves for four 
observation points (East-Pakila, Bulevardi, Villinki, Backas) are shown in Picture 2. Bulevardi as the observation point 
in the center of the downtown area shows the most urban pattern, slighter cooling during the evening and higher 
night-time minimum temperature. But also the development of a small inversion before midnight. The suburban 
observation points East-Pakila and Backas got night-time minimum temperatures around -10 to -12 °C, bu t they  were  
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Picture 2. Air temperature observation at four site s in the Helsinki Metropolitan Area 
                                                   during March, 26 th , 2006, 12:00 and March, 28 th , 2006, 12:00. 
 
 
not the coolest sites in Helsinki Metropolitan Area. The temperature of the air masses at Villinki, the island station 
about 7 kilometers from then downtown center to the east was the coolest. Here over large ice masses of the frozen 
Gulf of Finland the radiation situation for out-going radiation was perfect. During the morning hours the air 
temperature raise due to the incoming sunshine radiation, but the cooler air masses over the ice of the archipelago of 
Helsinki still dominates the air temperatures development. 
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Abstract 
 
This study presents the evaluation of results from the obstacle resolving microscale meteorology model MITRAS. 
A comparison between numerical model results and wind tunnel data is carried out for a realistic test case, based 
on the calculation of hit rates. Results show a very good agreement for most of the model domain. 
 
Key words: microscale modeling, numerical model evaluation, street canyon flow, LDA 
 
 
1. INTRODUCTION  
 
The numerical model system M-SYS has been developed for the assessment of urban air quality at different 
scales (Trukenmüller et al., 2004). M-SYS includes mesoscale as well as obstacle resolving microscale models 
for both meteorology and chemistry. An accurate flow field is an important precondition for the simulation of 
pollutant dispersion. Hence, the simulated flow field of numerical dispersion models needs to be thoroughly 
evaluated before it can be used for the simulation of pollutant dispersion. A validation approach for flow fields as 
suggested by Schlünzen et al. (2005) contains several different phases including the comparison with high-quality 
reference data. Following their guideline, evaluation criteria are also given for the application of a numerical model 
to a new domain. 
In this study, results of the obstacle resolving microscale meteorology model MITRAS for a realistic urban area 
are compared with wind tunnel data.  
 
 
2. COMPARISON DATA 
 
The study domain covers the area around a section of Marylebone Road in London, UK. Marylebone Road is a 
multi-lane road north of the London congestion charge zone with high traffic numbers and therefore high 

                                                 
* corresponding author's address: David Grawe, University of Birmingham, School of Geography, Earth 
and Environmental Sciences, Birmingham, B15 2TT, UK 

Figure 1: Horizontal sketch of the study domain as 
represented in the numerical model. The black rectangle 
denotes the area for which the comparison with wind 
tunnel data has been carried out. 
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emissions of primary pollutants. Within the domain, Marylebone Road intersects with the other main roads Baker 
Street and Gloucester Place. Building geometries in the study area lead to perpendicular intersections between 
most streets. Building heights range from about 10 m to about 60 m, with an average of 21 m. The domain has 
been subject to air pollution studies in the past (Arnold et al., 2004). An air quality supersite is located within the 
domain at the south side of Marylebone Road. 
The obstacle resolving numerical model MITRAS (Schlünzen et al., 2003) has been set-up for a domain of 
750x700 m2, centered around the intersection of Baker Street and Marylebone Road. Figure 1 shows a horizontal 
sketch of the model domain. A horizontal grid resolution of 3 m has been used throughout the domain, while the 
vertical grid resolution is non-equidistant with 1.5 m at the bottom and some 50 m at the model top at 450 m 
height. This forms a grid of 1.350.000 cells in 23 levels. Buildings within the domain are mainly block-structured 

and were hence included as 54 individual obstacles of cuboidal shape. MITRAS was initialised using an initial and 
upstream wind profile representative for an urban area. No thermal stratification was assumed for the case 
presented. Figure 2 shows horizontal wind vectors at 5m above ground. The direction of the approaching flow is 
from the bottom left section shown, which in the real site corresponds to a -51.35° southwesterly wind with 
reference to Marylebone Road. 
Wind tunnel data used for the comparison were acquired at EnFlo wind tunnel which is a low speed open circuit 
tunnel with a test section 20 m long, 3.5 m wide and 1.5 m high. All the experiments were performed under 
neutral stability. A 2-components Laser Doppler Anemometer (LDA) system was employed for the experiments. 
The study produced a complete 3-dimensional mapping of the flow field on a 1:200 scaled model of the site in 
Central London. The area interested by the experiments corresponds to a square of 60x60 m centered around the 
intersection between Marylebone Road and Gloucester Place. Mean and turbulent velocities were measured 
adopting both 1- and 3-minute averages.  
 
 
4. METHODOLOGY 
 
The comparison of the flow fields from MITRAS model results and wind tunnel data was performed by calculating 
hit rates for each wind component and every height above ground separately. Hit rates were calculated according 
to the technique outlined in Schlünzen et al. (2005): Two allowed deviations were defined; an absolute deviation 
W and a relative deviation D, such that a hit-rate q can be calculated from 

 
 
where Oi and Pi denote normalized values from reference data and model result, respectively. The normalization 
has been carried using vertical profiles of the numerical model result and wind tunnel data, so that the wind speed 
at 50m above ground reaches 1m/s. Actual values for the allowed deviations are based upon those used for a 

 

Figure 2: Velocity vectors for the numerical model 
result at 5m above ground. The reference arrow 
shows the length of a vector for a wind speed of 1.0 
m/s. 
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complex test case by Schlünzen et al. (2005). They take into account the precision of the wind tunnel 
measurements as well as uncertainties arising from the comparison itself, e.g. linear interpolation, where there 
are non-linear gradients. For this study the following allowed deviations have been used: W = 0.1 ms-1 and 
D = 0.1.  
 
 
5. RESULTS AND DISCUSSION 
 

Height 5 m 10 m 15 m 20 m 25 m 30 m 

Hit rate (u) 76 % 71 % 66 % 83 % 88 % 86 % 

Hit rate (v) 59 % 84 % 86 % 84 % 66 % 67 % 

Table 1: Hit rates for all comparison heights. 

 
Table 1 shows hit rates calculated separately for all heights where reference data was available. Following the 
values used by Schlünzen et al. (2005), a hit rate of 66% or above for each wind component is considered 
sufficient. This has been reached for all segments, except for the v-component at 5m height. For many values the 
hit rates are much higher than the requirement. Figure 3 shows a comparison of horizontal velocity vectors for the 
numerical model result and the wind tunnel data, respectively, at 5m height. The overall patterns within the 
compared area are well reproduced by the numerical model. However, some features seem to be more 
pronounced in the wind tunnel data, such as the vortex formed around the edge of the building at the bottom right. 
The wind tunnel data shows a stronger flow through the street canyon, with a stronger vortex reaching into the 
main street canyon, while the numerical model result shows lower wind speeds and a weak recirculation in the 
bottom street canyon. This can partially be attributed to the different discretisation of buildings for both domains, 
which, given the resolution of the numerical model run, can lead to differences in the actual canyon width and will 
need to be further investigated. 
 

 
 

Figure 3: Velocity vectors for numerical model result (left) and wind tunnel data (right) at 5m above ground. 
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Figure 1. Study area and topographical setting 

 EFFECT OF MOUNTAIN WIND ON URBAN HEAT ISLAND IN NAGANO, JAPAN  
Takashi Hamada*, Toshiaki Ichinose**, Hiroharu Tanaka*** and Takehiko Mikami*** 
*Nagano Environmental Conservation Research Institute, Nagano, Nagano, Japan 

**National Institute for Environmental Studies, Tsukuba, Ibaraki, Japan 
***Tokyo Metropolitan University, Hachioji, Tokyo, Japan 

 
 
Abstract 
 
Nocturnal mountain wind appears in Nagano, Japan, and it invades to central part of the urbanized area. Thermal 
mitigation of urban heat island by the mountain wind as a relative cooler air flow is expected. Stationary 
measurements of wind speed, wind direction and air temperature were carried out from 2000 to 2005. Mobile 
measurements of air temperature were conducted thirty times during 2001 to 2004. The frequency of appearance 
of the mountain wind is about 100 times in a year. The maximum wind speed reaches about 7m/s. And the area 
within the city influenced by the mountain wind was estimated. This area extended 2 or 3 kilometers long and 2 
kilometers wide. Moreover, air temperature distributions when the mountain wind was blowing indicated that the 
residential area near valley mouth had lower temperature.  
 
Key words: mountain wind, heat island, thermal mitigation, urban ventilation path 
 
 
1. INTRODUCTION  
 
In Japan, an urban heat island, especially in summer, has many impacts on such as thermal stress of human 
health, energy consumption and biodiversity of nature. Therefore, mitigation of urban heat island is one of an 
important policy of local government. As the way of mitigation of urban heat island, not only urban green space 
but also urban ventilation path is paid much attention. Urban ventilation path has an important role to be helpful 
for decreasing urban heat island intensity by cooler air flow or drainage such as sea breeze or mountain wind. 
Most Japanese cities are located near coast, so the relationship between sea breeze and urban heat island has 
been studied. However, in an inland city of Japan, there is little research that reports on the relationship between 
urban heat island and mountain wind. Nocturnal mountain wind appears in city of Nagano, where is an inland city 
and a typical basin-bottom city in Japan, and it invades to central part of the urbanized area in Nagano. Both 
mountain wind and urban heat island are present during cloudless and nearly calm weather conditions, so that in 
such conditions, thermal mitigation of urban heat island by mountain wind as a relative cooler air flow is expected. 
In this study, features of the mountain wind in Nagano is clarified by meteorological observations and its thermal 
mitigation probability on urban heat island, namely, an availability as urban ventilation path is discussed. 
 
 
2. STUDY AREA  
 
Nagano is situated at the bottom of Nagano basin, the 
coordinates is at the North latitude 38°, the East L ongitude 
138° and its altitude is about 380m above sea level . The 
bottom of  the basin has a relatively flattened terrain and 
its surroundings area is high mountainous region. Nagano 
has a population of about 360,000 inhabitants. The 
downtown of Nagano is located in the western portion of 
Nagano basin. This is our study area(Fig.1). Urban heat 
island at night was observed around the downtown 
(Sakakibara and Ito 1998). The valley mouth of Susobana 
river is located the north west side of the downtown(Fig.2). 
Mountain wind blows from the valley mouth of Susobana 
river toward the downtown center(Hamada 2001). 
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3. DATA AND METHODS 
 
We carried out three kinds of meteorological observations 
during Jul., 2000 to Aug., 2005. 
(1) Stationary measurements of wind speed, wind 
direction and air temperature were carried out from 2000 
to 2005 to clarify the climatological characteristics of the 
mountain wind. At every stationary observation sites, 
meteorological data were collected at 10 minutes intervals. 
The instruments were mounted on the tops of buildings   
which were about 20m to 40m high. 
(2) Mobile measurements of air temperature were 
conducted thirty times during 2001 to 2004 in order to 
obtain temperature distributions within the downtown. 
Observations were almost conducted at 9 to 10 p.m. 
Because this is the time for mountain wind to be the 
strongest  during night. 
(3) Vertical air temperature and wind profile 
measurements up to 1000m height above the ground  
were performed at several times using pilot balloon or 
helicopter. 
Figure 2 shows stationary observation points (solid circles 
and a solid square(NLMO: Nagano Local Meteorological 
Observatory)) and vertical observation sites(a solid star 
symbol(NES) and at C1 site). 
 
 
4. RESULTS AND DISCUSSION 
 
4.1. Temporal variation of mountain wind 
 
Figure 3 shows the most typical mountain wind event in the study area, which occurred during 10th, Jul. to 12th, 
Jul. 2000. Solid line and circle indicate wind speed and wind direction at L1 site, respectively. L1 site is located at 
the valley mouth of Susobana river, so that the mountain wind is observed evidently at this site. TKM site is far 
from L1 site north east about 4km apart located around agricultural land. At TKM site, mountain wind is not 
observed. Wind speed at L1 site increased after sunset, decreased gradually from 21 or 22 to 4 or 5 of the 
following day and fell steeply after sunrise. Maximum wind speed of the mountain wind reached about 6 m/s. 
During the occurrence of mountain wind, wind direction at L1 site remained stable at roughly north-west or north 
north-west. The weather condition for two nights was calm and clear under anti-cyclonic pressure pattern. The 
frequency of appearance of the mountain wind is about 100 times in a year. 

 
 
4.2. Spatial distribution of wind and surface air temperature 

Susobana River 
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Figure 4 shows the comparison of air temperature and wind distribution with and without the mountain wind. Left 
figure (a) indicates surface air temperature by a mobile observation and wind distribution by stationary 
observations when the mountain wind blew at 21 on 22th, Aug., 2003. Such an air temperature distribution pattern 
was recognized when the most of cases which the mountain wind blew. Right figure (b) is the case when the 
mountain wind did not blow at 21 on 29th, Sep., 2003. With the mountain wind, relative cooler area expanded 
toward the north-west portion of the downtown because of transport of cooler air along Susobana river from 
mountainous surroundings by the mountain wind. However, without the mountain wind, it could not be found such 
that cooler area. And, judging from wind direction of Fig.4 (a), it was to be thought the mountain wind reached at 
the dashed line. This line was situated about 3km length from the valley mouth of Susobana river. 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
                  (a) at 21 on 22th., Aug., 2003                                      (b) at 21 on 29th., Sep., 2003 
 

Figure 4. Spatial distribution of wind and surface air temperature with and without the mountain wind 
Numerical order in both (a) and (b) as air temperature (Celsius degree) 

 
4.3. Change of air temperature when the mountain wind  
 
 
Temporal variation of air temperature, 
wind speed and wind direction at L1 
site when the mountain wind began to 
blow is shown in Figure 5 as a typical 
case. Wind direction abruptly 
changed from east to north north-west 
in the time of 16:00. At the same time, 
wind speed began to increase 
gradually up to 7m/s.  Simultaneously, 
air temperature dropped down about 
3 degrees centigrade. This finding 
also indicates that the mountain wind 
was relative cooler air, and suggests 
that its thermal mitigation probability 
on urban heat island, namely, an 
availability as urban ventilation path.  
 
 
 
 
4.4. Vertical profile of wind and air 
temperature 
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Figure 5 Air temperature changes passed through mountain wind  
at L1 site  on 3rd. Nov., 2003 
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Figure 6 (a) shows vertical profiles of wind at NES site obtained by a pilot ballon when the mountain wind blew 
around 5 on 25th, April, 2004. It can be seen that a northwesterly wind less than 300m height was the weak 
mountain wind. And figure 6 (b) shows vertical profile of air temperatures obtained by a helicopter. Solid circle 
shows the data above NES site. This site is located at the center of downtown and has the occurrence of the 
mountain wind. Open circle shows the data above C1 site. This site is located far from north east of NES site 2km 
apart. Here, the mountain wind does not be observed. Air temperature profile above NES site was lower than 
above C1 between about 300m and 400m height. Because we think that the reason is the effect of the mountain 
wind penetration into the downtown center. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. SUMMARY AND FUTURE PLANS 
 
The summary is as follows. 
(1) To clarify the effect of the mountain wind on urban heat island in Nagano, Japan, three kinds of observations 

were carried out during 2000 to 2005. 
(2) And, the characteristics of the mountain wind and the effect of mountain wind on horizontal and vertical air 

temperature distribution in the downtown of Nagano were shown by these observations. 
(3) We will evaluate the relationship between the mountain wind and an urban heat island throughout a year by 

means of both observations and numerical simulation. 
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                               (a) wind profile at NES                  (b) air temperature profile above NES and C1 

Figure 6 Vertical profiles of wind and air temperature at 5 on 25th., Apr., 2004 above NES and C1 
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Abstract 
 
In this study, we use the parameterization of Martilli et al. (2002) which 
combines the thermal and dynamical effects of the urban canopy. The thermal 
part of the parameterization of Martilli has already been validated with 
measurements from two mid-latitude European cities (Hamdi and Schayes, 
2005). However, using the measurements obtained during the Basel urban 
boundary layer experiment (BUBBLE), one can see that, even if the main 
dynamical effects of the urban canopy are reproduced, comparison with 
measurements seems to indicate that some physical processes are still 
missing in the parameterization. In most of the cases, the model still 
overestimates the wind speed inside the canopy layer and it can have 
difficulties to simulate the maximum of the friction velocity which appears 
above the buildings roofs. Therefore, a new version of the urban module of 
Martilli has been developed. This new version is implemented in a mesoscale 
model (TVM) which is run on 1-D column. The results show that: (1) the profile 
of wind speed for along canyon flow is very well reproduced especially inside 
the urban canopy where a nearly linear wind profile is observed. (2) for cross 
canyon flow this new version is able to fit better with observations, especially 
inside the street canyon where the nearly constant wind profile is reproduced. 
Running TVM in an off-line mode, allowed this study to focus also on the 
influence of surface input parameters. Data collected on air temperatures 
within urban canyons and surface energy fluxes allowed modeled and 
observed canyon air temperatures and surface energy fluxes to be compared. 
The results showed that the version of the urban module of Martilli without 
taking into account vegetation overestimates the daily maximum temperature 
by 3 °C. The simulated canyon air temperature is th en improved when we 
take into account the vegetation and the model partitions the surfaces energy 
fluxes appropriately.   
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Key words:  urban canopy model, 1-D simulation, BUBBLE 
 
1. INTRODUCTION  
 
In recent local atmospheric models, the representation of the urban boundary 
layer has undergone important progress in order to better represent the effect 
of the thermal and mechanical exchanges between the atmosphere and the 
surface. In this study, we have added a few improvements to already 
complete parameterization of Martilli et al. (2002) which combines the thermal 
and dynamical effects of the urban canopy.  
The thermal part of the parameterization of Martilli has already been validated 
with measurements from two mid-latitude European cities (Hamdi and 
Schayes, 2005). However, using the measurements obtained during the Basel 
Urban Boundary Layer Experiment (BUBBLE), one noticed that, even if the 
main dynamical effects of the urban canopy are reproduced, comparison with 
measurements indicated that some physical processes were still inadequate 
in the parameterization. In most of the cases, the model overestimates the 
wind speed inside the canopy layer and does not simulate the observed 
maximum of the friction velocity which appears above the buildings roofs. 
The wind speed and turbulence inside the urban canopy have a direct impact 
on the concentrations of primary pollutants which are emitted in the street. For 
this reason, the improvement of the dynamical part of the urban 
parameterization of Martilli is an important point for the accuracy of primary 
pollutant dispersion and also for imposing a more correct stress to the driving 
mesoscale model . 
Therefore, the urban module of Martilli has been extended by taking into 
account a new drag formulation. This new version is implemented in a 
mesoscale model (TVM) which is run on 1-D column. The goal of the present 
contribution is to validate this new version of the urban module using the data 
from the BUBBLE campaign carried out in the city of Basel, Switzerland. 
 
2. THE NEW VERSION 
 
The extension of the original version of Martilli’s urban module is done in two 
ways:  
 
i) In the original version, the force induced by the presence of the building is 
orthogonal to the street canyon. The effect of the flow parallel to the street 
canyon is not taken into account. In order to correct this, we partition the 
overall force imparted to a roughened surface by a fluid passing over it, into 
the force exerted on the roughness elements and the force exerted on the 
intervening wall surface (East and West wall).  
ii) In the original version, the drag coefficient is kept constant at every level 
inside the street canyon, while, the observed drag coefficient for cross canyon 
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flow, increases with height inside the street canyon and its maximum value 
lies just above roof top. In order to correct this, we calculate at every level 
inside the street canyon the sum of the drag force calculated for this level and 
the cumulated drag force calculated below. This allows to relate the drag 
coefficient to a given height. 
 
3. RESULTS 
 
In this study, TVM is run on a vertical column using measurements recorded 
at tower top as forcing. The period of the simulation extends from 16 June to 
30 June 2002.  
For site U1 in Basel, the results show that (see fig.): (i) the wind speed profile 
for along canyon flow is very well reproduced especially inside the urban 
canopy where a nearly linear wind profile is observed; (ii) for cross canyon 
flow this new version is able to better fit with observations, especially inside 
the street canyon where the nearly constant wind profile is reproduced.  
Also, the new version is able to simulate the increase of the local friction 
velocity occurring with increasing height inside the urban canopy and the 
maximum of the friction velocity which appears above roof level. 
Running TVM in an off-line mode, allowed this study to focus also on the 

influence of surface input parameters. Data collected on air temperatures 
within urban canyons and surface energy fluxes allowed modeled and 
observed canyon air temperatures and surface energy fluxes to be compared. 
The results showed that Martilli’s original urban module overestimates the 
daily maximum temperature by 3 °C. When taking into  account the urban 
vegetation, the simulated canyon air temperature is then improved and the 
model partitions the surfaces energy fluxes appropriately.   
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ABSTRACT 
In our study we investigated the relationship between PM10 concentrations from the air pollution monitoring net-
work of Rhineland-Palatinate (ZIMEN) in the western part of Germany and the prevalent meteorological condi-
tions in the period between 2001 and 2005. To describe the synoptic meteorological situation we used two differ-
ent common mean circulation classifications (Großwetterlagen), the objective weather type classification of the 
German Weather Service (DWD) and the one by Hess & Brezowsky. 
Statistical methods and a neural network are used to identify those variables with the major influence on the 
measured PM10 concentrations in the area under investigation. Synoptic and statistical analyses were applied to 
understand the relation between PM10 emission concentrations and meteorological conditions and parameters. 
 
Key words: PM10, meteorological conditions, neural network 
 
 
1. INTRODUCTION  
The constant increase of traffic and the rising energy and material consumption, both in industry and trade as well 
as in private households, mean a constant challenge to environmental protection and to the air pollution control. 
In the course of the European Union limit values valid since 2005 and the substantial limit value excesses at 
many stations PM10 is at present the most important and mostly discussed air pollutant in Germany. Apart from 
the directly emitted pollutants from primary sources and the secondary particle formation, the synoptic weather 
conditions affect the emission concentrations crucially (BUCHANAN et al. 2002). The objective of our investiga-
tion isn’t the local influence of weather at the individual measured concentrations at sites of ZIMEN but the effect 
of the synoptic scale flow patterns. Since over 80 % of the exceedings of daily limit value (daily mean > 50 µg/m³) 
at city stations in the wintertime appear, the following investigations are limited to the months October until March 
of the years 2001 to 2005. To describe the synoptic situation the two weather type classifications of the German 
Weather Service (DWD) are used: the classification after Hess & Brezowsky and the objective weather type clas-
sification. As additional information we use the five indices of the objective weather type classification derived 
from model data of the GME operated by DWD (12 UTC). Among the statistical analyses of the mean PM10 loads 
in the investigation area with different synoptic situations the influence of the five indices is examined. With the 
help of a neural network a model for PM10 loads is provided based on different meteorological and air quality pa-
rameter. Finally the quality of the model is validated. 
 
2. DATA AND INVESTIGATION AREA 
The investigation area Rhineland-Palatinate, with a surface of approximately 20,000 km², is situated in the west of 
Germany near Luxembourg. The current data of land use from the year 2004 indicate 43 % agriculture, 42 % for-
ests and approximately 15 % settlement and traffic area. The current economic structure is dominated by an in-
dustry-mix from handicraft, industry, trade and modern services as well as agriculture, forestry and viticulture. The 
agriculture lost importance in the last years. The total amount of cars with 589 vehicles per 1.000 inhabitants is 
the secondly highest in Germany. Since January 2001 the emission concentration of PM10 as hourly values are 
continuously measured at 25 ZIMEN stations, among six forest and 19 urban stations. The data are available until 
December 2005 for the analysis. The weather type classification after Hess & Brezowsky is based on the mean 
air pressure distribution over Europe during an at least three-day-long period. The location of the steering cyclonic 
centers and the position of the frontal zone are used as basis for the classification. Further information and ex-
actly definitions of each 29 types are given by GERSTENGARBE, WERNER (2006). The objective weather type 
classification of the DWD is based on the operational forecast products and uses the meteorological elements of 
the 12-UTC analysis. In a first step the three so called WLK indices are computed: the cyclonality index for 950 
hPa and 500 hPa, the wind index in 700 hPa as well as the humidity index for the layer from 950 hPa to 300 hPa. 
In the second step the determination of the objective weather type via combination of these different indices fol-
lows. The advantage of this weather type classification is on the one hand the reproducibility of the numerical re-
sult, on the other hand the 40 classified weather types refer only to the area of Germany. Therefore they have a 
closer geographic relation to our investigation area than the Hess and Brezowsky types which refer to whole Cen-
tral Europe (BISSOLLI, DITTMANN 2001). 
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3. METHODS 
For the analyses of the PM10 loads, considering different synoptic situations and WLK indices, continuously time 
series of daily mean PM10-concentration are necessary. The missing values within the times series were closed 
by means of different procedures. Gaps with up to two missing values were closed by linear interpolation consid-
ering the presence of precipitation as secondary condition. With fulfilled secondary condition the gap was closed 
with data from a comparable station. This procedure was used too, when more than two missing values occurred. 
In general only very few gaps (< 3 %) exist. 
Mean loads for each weather type were computed as well as the integral contribution of each weather type during 
the entire period (2001 – 2005). Additionally trend analyses of the occurrence of certain weather types using the 
Statistical Program Library of the PIK (OESTERLE et al. 1999) allow conclusions about the future behaviour of 
PM10 loads depending on the changing frequency of weather types. 
Additionally we used an artificial neural network (ANN) to predict daily values of PM10 concentration. Meteoro-
logical data as well as NOx and SO2 data were used to develop a statistical procedure in order to predict daily 
PM10 values. The neural network technology imitates the human brain's own problem solving ability. It applies 
knowledge gained from past experience and previously solved examples to new problems or situations by 
building a system of "neurons" that makes new decisions, classifications, or forecasts. The input data should in-
clude all the known variables that may affect the output e.g. PM10 concentrations. A three layer back-propagation 
network has shown best results so far. The coefficient of multiple determination, as a statistical indicator usually 
applied to multiple regression analysis, is used to evaluate the efficiency of the network. Furthermore, the com-
puted contribution factors of each input variable will be discussed. These factors can be used as a rough measure 
of the importance of each variable in predicting the network's output, relative to the other input variables in the 
same network. 
 
4. RESULTS AND DISCUSSION 
At first mean PM10 loads were computed for each ZIMEN station and each objective weather type for all winter 
periods from 2001 to 2005 (October until March resp.). Table 1 shows the summary of the results for all 25 sta-
tions (6 forest stations, 19 urban stations as well as 10 selected urban stations). In some cities, e.g. Mainz or 
Ludwigshafen, are more than one station. In this case only that station with the highest load was taken in account. 
Mean PM10 loads of 17 µg/m³ at forest stations and 33 µg/m³ at urban stations can be observed during the winter 
months in Rhineland-Palatinate. The highest concentration with values > 40 µg/m³ are measured in Ludwigshafen 
(44.1 µg/m³) and Mainz (44.4 µg/m³). The values marked grey in table 1 indicate those objective weather types 
with mean PM10 concentration over the average. These objective weather types are predominantly combined 
with SE or SW flow directions in the lower troposphere. The direction NW in this period was not observed. 
Table 1: Arithmetic means of PM10 emission concentration in µg/m³ at ZIMEN stations (2001 – 2005; winter). 

WLK Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 18 19 20 21
all 25 stations 32 28 40 31 27 34 31 39 26 24 30 26 44 23 19 20 23 15 18 46
6 forest stations 17 17 25 16 14 17 14 24 13 13 18 15 28 13 11 9 8 8 9 27
19 urban stations 37 31 46 36 32 39 36 43 30 28 34 30 50 26 22 23 28 17 21 52
10 selected urban stations 39 33 47 39 34 41 39 45 32 30 36 32 52 29 24 25 29 19 23 53  
 
WLK Number 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 38 39 40 mean
all 25 stations 37 41 32 26 26 24 34 27 16 38 40 44 25 14 21 33 19 15 29
6 forest stations 31 28 17 14 12 16 21 14 7 23 26 31 12 8 12 26 9 8 17
19 urban stations 39 44 36 30 30 27 38 32 20 42 45 48 29 16 24 35 22 17 33
10 selected urban stations 41 46 39 33 32 28 40 34 21 45 49 51 32 18 26 36 24 19 35  

 

value above the average  
The humidity of air masses is described by the humidity index, a measure for the quantity of the precipitable water 
in mm. The limit between humid and dry is the average value of each month. Weather types with concentrations 
increased PM10 concentration are characterised by dry air masses. The humidity index values vary in the ana-
lysed period between 2.4 and 26.7 (average value: 11.0). If one classifies the data according to the humidity index 
(class interval = 5) and computes the PM10 concentration for each class, a significant decrease of PM10 loads is 
correlated with rising humidity index values. 
The effects of increased PM10 loads on human health can be attributed to short episodes with high values and 
otherwise to continuous episodes with lower values. In order to evaluate the contribution of each weather type to 
the total emission loads, the frequency of each type must be considered. Therefore the daily totals of the PM10 
loads for each weather type were cumulated and related to the total emissions.  
Figure 1 shows the concentrations of PM10 for each objective weather type using the cumulated daily averages 
for the entire period. The grey columns mark those weather types, which were identified in table 1 as those with 
loads above average. The contribution of these weather types to total load is smaller (approx. 32 %) due to the 
lower frequency of their occurrence. So, the three weather types 13, 21 and 33 with concentration > 50 µg/m³ 
contribute only 3.9 % to the total amount of PM10. 
In contrast to that the weather types 5, 9 and 10 with the mean concentration near 30 µg/m³ PM10 contribute 
however 24.3 % to the total amount of PM10. Within the last decades the frequency of some weather types 
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Table 2: Trend values und significant levels for the WLK´s. 

WLK 1980 - 2005 1980 - 1992 1993 - 2005 

4 -5,2 
(94,0 %) 

x -7,5 
(97,3 %) 

6 3,8 
(98,3 %) 

4,4 
(95,2 %) 

x 

7 1,6 
(97,2 %) 

4,8 
(99,6 %) 

x 

14 -3,6 
(97,2 %) 

-4,4 
(96,0 %) 

-6,8 
(99,3 %) 

19 x 4,6 
(98,7 %) 

x 

26 2,4 
(99,1 %) 

x x 

29 4,4 
(91,2 %) 

x x 

 

changed (BISSOLLI 2001). The classification of the weather types starts in 1979. Table 2 contains the results of 
the trend analyses of selected objective weather types, separated in results for weather types in the entire period 

1980 to 2005 as well as in the two sub periods 1980 to 1992 and 1993 to 2005 respectively. Table 2 presents only 
the results with significant trends (significance > 90%). Only for the weather type 14 significant negative trends 
are detected both for the entire period as well as for the two sub periods. Since however the WLK 14 shows nei-
ther unusually high frequency nor extraordinary high PM10 concentration, this trend does not have considerable 
influence on the total PM10 load. The 
WLK 4, 6 and 7 are characterized by 
relatively high PM10 concentration, 
however these occur rather seldom. The 
significantly positive trend of WLK 29 has 
the most influence on the total PM10 
concentration, since this weather type 
occur frequently accompanied with high 
average values of 34 µg/m³ PM10. 
The cyclonic activity is described by the 
two cyclonality indices for the pressure 
levels 500 hPa and 950 hPa respectively. 
Positive values indicate cyclonic, negative 
values anticyclonic circulation. Table 3 
shows the mean PM10 emission 
concentration, averaged over the entire 
investigation period under consideration of 
cyclonality in 500 hPa. The values of the 
cyclonality index for 950 hPa have only negligible influence on the mean PM10 emission. In contrast to this the 
mean PM10 load under anticyclonic condition in 500 hPA are significantly higher than under cyclonic condition in 
500 hPa. The atmospheric flow pattern in 500 hPa, controlling the long range transport, is more representative for 
the general circulation situation then those in 950 hPa, which are stronger influenced by local wind systems. In 
dependence of the different air flow directions (NW, NE, SW, SE) no significant changes of the PM10 loads can 
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Figure 1: PM10 loads of each WLK for the period from 2001 to 2005 in percent: Grey: WLK´s with higher PM10 emis-
sion concentration according to table 1. 

 

Table 3: Mean PM10 emissions concentration depending on anticyclonic (acy) or cyclonic (cy) conditions at 950 hPa and 
500 hPa. 

950 hPa - acy 950 hPa - cy 950 hPa - acy 950 hPa - cy 950 hPa - acy 950 hPa - cy
500 hPa anticyclonic 16,7 16,1 29,5 27,8 30,8 29,0
500 hPa cyclonic 12,0 11,5 21,9 21,4 23,3 22,6

6 forest stations 19 urban stations 10 selected urban stations
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Figure 2: Measured versus modelled daily PM10 emission concentrations at 
the ZIMEN Station Trier-Ostallee (winter); N = 766, R2: coef. of determination. 

be recognized. 
The PM10 emission is measured only at some few sites in Rhineland-Palatinate. Therefore we used a neural 
network to model daily PM10 concentration based on several meteorological and air quality parameters. The fol-
lowing investigations and results refer only to the city of Trier (100,000 inhabitants) in the west of Rhineland-
Palatinate. The computations were accomplished with the software “NeuroShell 2” of Ward System Group, Inc. 
Neuronal networks are 
suitable both for modelling and 
for forecasting of daily PM10 
loads (GARDNER, DORLING 
1998; HOOYBERGHS et al. 
2005). 
Due to the obviously seasonal 
cycle of PM10 emission 
concentration, only the winter 
months are considered here. 
As input values (predictors) 
are used the five indices of the 
objective weather classify-
cation and additionally air 
temperature, global radiation, 
precipitation and air pressure 
as well as NOx and SO2 from 
the ZIMEN station Trier-
Ostallee. A Ward network with 
multiple hidden slabs gave the 
best results. The resulting 
model is available as FORTRAN/C source code or as .def file, which can be executed directly from MS Excel. In 
figure 2 the scatterplot shows the measured and modelled PM10 daily values. The correlation coefficient R = 0.93 
is relatively high (R² = 0.86). The residuals show normal distribution and no seasonal cycle could be recognized. 
Computations of the autocorrelation function (lag 30) of the residuals yielded no significant results. The model un-
derestimates the actual PM10 loads only slightly. As most important predictors were identified precipitation, NOx 
as well as cyclonality index 500 hPa and humidity index. 
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Abstract 
 
Since 2002, the Eötvös Loránd University operates a satellite receiving station in Budapest, Hungary. This station 
currently receives Earth observation data from polar orbiting meteorological satellites, i.e., the data of the 
American National Oceanic and Atmospheric Administration (NOAA) series, and the Moderate Resolution 
Imaging Spectroradiometer (MODIS) data from satellites Terra and Aqua. Using the appropriate software, we are 
able to retrieve atmospheric profiles from the data of MODIS and the Advanced TIROS Operational Vertical 
Sounder (ATOVS). Our aim is to investigate the urban effect for the biggest Hungarian cities using the 
atmospheric profiles of temperature and atmospheric moisture. 
 
Key words: MODIS, ATOVS, Satellite observation 
 
 
1. INTRODUCTION 
 
Polar orbiting environmental satellites are transmitting invaluable information about the state of the atmosphere, 
land, and ocean surface with high spatial and temporal resolution. The main advantage of the direct broadcast 
satellite receiving stations is that they receive this kind of data in real-time, and therefore, we are able to utilize the 
retrieved information near real-time without any time lag caused by official data-processing. The HRPT data 
stream, which is the direct broadcast of the NOAA satellites, contains data of several radiometers, such as the 
Advanced Very High Resolution Radiometer (AVHRR) or ATOVS (a group of sounding instruments). Although 
MODIS is a scanning radiometer with 36 spectral bands between 0.645 and 14.235 µm (King et al., 1992), and 
not a sounding instrument, it is also able to generate profiles from the infrared measurements of the sensor 
transmitted by direct broadcast.  
 
2. DATA AND METHODOLOGY 
 
In 2002, the Space Research Group of the Eötvös Loránd University established a satellite receiving station in 
Budapest, Hungary. This station currently receives Earth observation data from polar orbiting meteorological and 
Earth observing satellites. This fact makes the station unique in the Central European region.  
 
ATOVS consists of the following instruments onboard the satellites of the so-called NOAA KLM series: the High 
Resolution Infrared Sounder-3 (HIRS/3), the Advanced Microwave Sounding Unit-A (AMSU-A) and -B (AMSU-B). 
In case of satellite NOAA-18, ATOVS Microwave Humidity Sounder (MHS) is carried instead of AMSU-A, and 
HIRS/3 has been upgraded to HIRS/4 for the mission. Based on the ATOVS microwave (MW) and infrared (IR) 
measurements, vertical profiles of water vapor, temperature and dew-point temperature, as well, as total ozone 
amount can be retrieved among other parameters related to the vertical structure of the atmosphere. We obtain 
these parameters by the application of the International ATOVS Processing Package (IAPP) version 2.1 (Li et al., 
2000). IAPP requires Level1B output files generated by the AVHRR and ATOVS Processing Package (AAPP) 
version 5.3 (Labrot at al., 2005). AAPP is developed, maintained and distributed by a group of Institutes 
(MetOffice, EUMETSAT, etc.), while IAPP is available from the Cooperative Institute for Meteorological Satellite 
Studies (CIMSS) at the University of Wisconsin-Madison (available at: http://cimss.ssec.wisc.edu/opsats/polar/ 
iapp/IAPP.html). The different profiles retrieved by IAPP have 42 levels up to about 45 km in the stratosphere with 
about 80 km horizontal resolution in nadir. For the more accurate retrieving, we can use different ancillary data 
during the run of IAPP, i.e., global radiosonde data from Space Science and Engineering Center (SSEC); 
numerical model data from National Centers for Environmental Prediction (NCEP); and  surface METAR data 
from CIMSS. Using the microwave sounding units, it is possible to generate the profiles under cloudy conditions, 
too. 
 
In order to retrieve the atmospheric properties from the received raw Level0 MODIS data, we use different 
software packages (MODIS Level1 and Level2) developed and freely distributed by the International MODIS/AIRS 
Processing Package (IMAPP) team (available at: http://cimss.ssec.wisc.edu/~gumley/IMAPP/IMAPP.html). This 
processing package allows any ground station, receiving Direct Broadcast from satellites Terra and Aqua, to 
produce calibrated and geolocated Level1B radiances and several environmental near real-time Level2 products 
(Huang et al., 2004) from the raw Level 1A data. In the present study, we use the cloudmask product (Ackerman 
et al., 2002) and the profiles product (Menzel et al., 2002), which follows the operational NASA MOD07 approach. 
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Among many derived products, it contains the surface temperature and the profiles of temperature and moisture. 
These products consist of 20 levels with 5 km × 5 km horizontal resolution and they are available in cloudfree 
regions over land and ocean, for both day and night. Furthermore, IMAPP requires several ancillary data, i.e., the 
6-hourly analysis of the numerical forecast model of the Global Data Assimilation System (GDAS); the near real-
time maps of sea ice concentrations and snow extent provided by the Near Real-Time SSM/I EASE-Grid Daily 
Global Ice Concentration and Snow Extent product (Near real-time Ice and Snow Extent, NISE); the daily SSMI 
sea ice concentration from NCEP; and the weekly Optimum Interpolation (OI) Sea Surface Temperature (SST) 
analysis from NCEP. 
 
3. CASE STUDIES 
 
In our research, first, we focused on the evaluation of the urban effects of Budapest (47.5°N, 19.083° E), the 
capital city of Hungary, located at the side of the river Danube, and it has an area of 525 km2. The urban heat 
island (UHI) effect of Budapest is analyzed in Dezsı et al. (2005), and in Pongrácz et al. (2005) using surface 
temperature data observed by satellite sensors of Terra and Aqua. The results suggested that the UHI of 
Budapest can be well detected, the largest intensity occurs daytime during the summer. In this paper, the vertical 
structure of the urban environment is evaluated. We have investigated the urban effect using overpasses of the 
NOAA satellites. According to the results, the application of the profiles derived by the IAPP, requires two 
necessary conditions: (1) The profile is generated close enough (less than 3 km) to the center of Budapest. (2) 
The use of the ancillary data needed by the IAPP is absolutely necessary, since one of the most difficult 
restorable part of the profile is located close to the boundary layer. Although, ATOVS is able to provide profiles 
also under cloudy conditions, and the profiles generated from MODIS data contain less vertical levels (20 instead 
of 42), the use of MODIS profiles are more effective due to the much higher horizontal resolution of the data. 
 
In order to compare the different profiles based on MODIS data, we have determined the closest pixel to the 
geographical coordinates of Budapest downtown. The profile related to this central point is displayed with solid 
thick black line in Figures 1 and 2. Asterisks on the solid line of the central pixel show the retrieved values at the 
different pressure levels (1000, 950, 920, 850, and 780 hPa). Then, we selected eight pixels from the 
surroundings as shown with numbered grey and black boxes in maps of Figures 1 and 2. These pixels are 
relatively far away from the downtown and they represent suburban areas. Note that each pixel corresponds to 
about 5 km x 5 km large region and the exact size depends on the viewing angle. The profiles of air and dew-
point temperature are shown with thin black or grey dashed and dotted lines. From our results, here, we present 
two summer days with clear sky in the region of Budapest (about 12 AM in local time).  
 
The profiles retrieved from MODIS data using the overpasses of satellite Terra on 13th June, 2005, 09:49 UTC, 
and on 21st May, 2005, 09:43 UTC are illustrated in Figures 1 and 2, respectively. Weather situations of both 
days were calm, without any strong wind.  
 

 
 

 
 
 
 
 

Budapest 
 
 

 

 

Figure 1. Comparison of the different temperature (left panel) and dew-point temperature (right panel) 
profiles retrieved from MODIS data for 09:49 UTC, 13 June 2005 in the region of Budapest. The solid line 
represents the profile connected to the downtown area, while the other thin dashed and dotted lines belong 
to the surroundings area. Each pixel of the map represents a retrievable MODIS profile for this overpass of 
satellite Terra.  
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Figure 2. Comparison of the different temperature (left panel) and dew-point temperature (right panel) 
profiles retrieved from MODIS data for 09:43 UTC, 21 May 2005 in the region of Budapest. The solid line 
represents the profile connected to the downtown area, while the other thin dashed and dotted lines belong 
to the surroundings area. Each pixel of the map represents a retrievable MODIS profile for this overpass of 
satellite Terra. 

 
As the graphs of the vertical structure suggest, the downtown area performs the largest temperature values in all 
the five levels, in both days, while vertical structure of the temperature can be characterized by colder 
temperature in case of suburban pixels, especially, above the forrest area of the western part of the city. The 
difference between the temperature calculated for the downtown and the surroundings is more pronounced near 
the surface, and it decreases with height. This can be considered as the vertical extent of the urban heat island. 
However, because of the relatively coarse resolution of the vertical satellite data.  
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Abstract 
 
This study aims to investigate the influence of the sea and of several land uses on the configuration of the 
topoclimate of Glyfada municipality. The study area borders on the Golf Saronic Sea and includes several land 
uses such as residential, commercial and tourist. In order to investigate the topoclimate, the air temperature and 
the air relative humidity were recorded using automatic mobile equipment. The thermal range reached up to 3,3 
oC and the hydrometrical range reached up to 15%. The geostatistical analysis of the data indicated significant 
effect of the sea, the Golf Course and the commercial center of the area.  
 
Key words: topoclimate, land uses, sea 
 
INTRODUCTION 
This study aims to investigate the influence of the sea and of several land uses on the configuration of the 
topoclimate of Glyfada municipality, a coastal suburb of Athens situated on its southeast. The study area, on the 
west, borders on the Golf Saronic Sea. On the north it is located the old, non-used airport of Athens. The Golf 
Course, which covers an area of around 53 ha, is the major green space of the study area and borders on the old 
airport. The rest of the area includes several land uses such as residential, commercial and tourist (Map 1). 
 
 

 
 
Map 1: Land uses of the study area 
 
 

                                                 
∗ Corr/nding Author: Lazaros Kiokakis ,Address: Iera odos 75, 11855 Athens Attikis, e-mail: nkanavou@aua.gr. 
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The study showed that the urban morphology (the hottest areas of the city are these one with the most buildings, 
with commercial activities and services, with intense traffic and relative lack of green spaces), the green areas 
where the golf course dominates and the vicinity of the sea, configure the topoclimate of the area. 
 
MATERIALS AND METHODS 
 
In order to investigate the topoclimate of the study area, the air temperature and the air relative humidity were 
recorded. After extended bibliographic research according the mapping of the thermal conditions of an urban 
area, it was applied the method of mobile measurements via multiple vehicle transects, a method indicated for the 
research of the characteristics of the urban climate (Unger et al., 2001). The data were received from a dense 
network of 29 points that were selected in order to represent all the various land uses. Automatic equipment 
(Hobo) was used, mounted on a car at a height of 1,80 m from the ground. The measurements were taken out 
during windless nights with totally clear sky. The air temperature and relative humidity data were time corrected 
and then they were geostatistically analyzed. The spatial distributions of air temperature were calculated with 
Kriging algorithm. Three representative cross-sections of mean distribution of air temperature were exported from 
the spatial distributions.  
 
RESULTS - DISCUSSION 
The evaluation of the results indicated that the configuration of the topoclimate of the study area is mainly affected 
of the vicinity of the sea, the commercial center and the Golf Course, the major green space of the area. The 
thermal range reached up to 3,3 oC and the hydrometrical range reached up to 15%. In particular, along the 
coastal zone and at the Golf area were recorded the lowest air temperatures and the highest relative humidity 
values. On the contrary, at the commercial center of the study area were recorded the highest air temperatures 
and the lowest values of air relative humidity. 
On the north – northwest of the study area, where there is the Golf Course, a green area of around 53 ha, are 
recorded the lowest air temperatures (Figure 1). The Golf Course is covered with lawn and it is full of pines. It is 
500 m away from the coast and enforces the cooling effect of the sea on the north-northwest of the study area 
(Charalampopoulos, 2005). The recorded mean air temperature is 26,9 oC. 
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Figure 1: Cross-section (A) of mean distribution of air temperature (oC) on the north – northwest of the study area 

during the thermal period of the year 2005 (20 series of measurements, speed wind<0,1 m/sec, clear 
sky, time 23:20) 

 
 
Southwards of the Golf Course and around the center of the study area the typical land use is the residential one. 
There are houses with gardens, the pavements are also planted and the streets are wide. There it is observed 
that the thermal range is 0,5 oC, which means that the cooling effect of the sea is not restricted from the land 
uses.  
 
 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

760



 
 
 

26,8

27,2

27,6

28

28,4

28,8

29,2

29,6

0 100 200 300 400 500 600

2.000 m

Residential area

 
Figure 2: Cross-section (B) of mean distribution of air temperature (oC) in the center of the study area during the 

thermal period of the year 2005 (20 series of measurements, speed wind<0,1 m/sec, clear sky, time 
23:20) 

 
On the south – southeast of the study area is recorded the highest mean temperature of the area, and reaches  
29,4 oC . There, the land uses consist of commercial center, intense human activities, dense building, narrow 
streets with much traffic during day and night and lack of green. The cooling effect of the sea is restricted from the 
land uses and the mean air temperature is higher, on the order of 2,8 oC, than the mean air temperature on the 
northwest of the study area. 
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Figure 3: Cross-section (C) of mean distribution of air temperature (oC) on the south – southeast of the study area 

during the thermal period of the year 2005 (20 series of measurements, speed wind<0,1 m/sec, clear 
sky, time 23:20) 

 
It is concluded that: 

• The several land uses affect the thermal conditions of the study area. 
• The extended urban green areas tend to decrease the air temperature and expand the cooling effect of 

the sea. 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

761



• Dense building areas, as the commercial center is, reduce the cooling effect of the sea and increase the 
air temperature in relation to residential areas with a lot of green. 

• Immiscibly residential areas tend to reduce the cooling effect of the sea and increase the air temperature 
less than the commercial center. 

• In order to be extended the improved thermal conditions of the coastline, the adjacent land uses should 
allow the access of cooler aerial masses. This can be succeeded by expanding the green spaces. 

 
The present study is the preliminary part of an extended research which aims to evaluate the topoclimate of the 
study area in order to propose the rehabilitation of the area based on bioclimatic criteria. 
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Abstract 
 
The influence of meteorological conditions (wind speed, temperature, relative humidity and precipitation) on PM10 
and the PM2.5/PM10 ratio was investigated on a roadside urban green in the city of Karlsruhe from July 2003 to 
August 2004. Particle collection was performed using two low-volume samplers. 
PM10 concentrations only showed a significant negative linear correlation with wind speed and precipitation, 
whereas no linear relationship could be found between PM2.5/PM10 ratio and wind speed and precipitation 
respectively. In contrast, PM2.5/PM10 ratio showed a weak, but significant linear correlation with temperature and 
relative humidity. 
 
Key words:  PM10, PM2.5, meteorological conditions 
 
 
1. INTRODUCTION 
 
Particle concentrations in the urban atmosphere are affected by many factors such as local emissions, long-range 
transport and atmospheric conditions. Coarse particles, i.e. particles greater than about 2 µm, mainly origin of bulk 
to particle conversion and consist of soil material, marine aerosol or anthropogenic particles like wear of tyres and 
brakes. Finer particles are mostly emitted as combustion products or formed from gas to particle conversion in the 
atmosphere.  
Adverse health effects of these particles caused the European Union to define limit values for PM10 (EU 1999). In 
recent years the focus of epidemiological studies switched to finer particles (PM2.5) or even particles smaller than 
100 nm (Englert 2004). Therefore it is important to known how PM10 and PM2.5 particles behave in an urban 
environment and to what extend they are related to local meteorological conditions.  
To investigate the influence of local meteorological conditions on ambient PM10 and PM2.5 concentrations 
measurements were carried out on a roadside urban green in Karlsruhe. The city of Karlsruhe is located in the 
southwest of Germany and has about 275 000 inhabitants. 
 
 
2. METHODS   
 
2.1. Particle measurements 
The sampling site was located in an urban green near a busy road with a traffic flow of about 30 000 vehicles per 
day. Particle collection was conducted from July 2003 to August 2004 with two interruptions in January and 
March/April using two low-volume samplers.  
One sampler (LVS 3D, IND, CEN 12341 reference sampler) was used to collect PM10 particles in a sampling 
period of two days. It was located at a reference site about 45 m away from the road on a lawn. The sampler inlet 
was placed 1.75 m above ground.  
PM10 and PM2.5 concentrations were measured with a second sampler (LVS 3.1, IND, CEN 12341 reference 
sampler) equipped with a PM10 and PM2.5 inlet. The air stream was switched every 10 minutes between both 
sampling inlets. This sampling period was four days. The second sampler was placed at different sites between 
the reference site and the road during the measurement period. Both sampling inlets (PM10 and PM2.5) were 
located 2 m above ground. 
The samplers were run with a flow rate of 2.3 m3 h-1. In order to calculate particle concentrations, the total flow 
volume of each sampling period was referred to standard conditions (273 K and 101.3 kPa). 
Particles were colleted on quartz fibre filters. Gravimetric determination was carried out using an electronic 
microbalance with 0.01 mg resolution (Sartorius BP 211 D). The filters were conditioned in a glove box at constant 
temperature (21 ± 2 °C) and relative humidity (5 ± 3 %) at least 48 h prior to being weighted. Electrostatic charge 
was removed from the filters using an ionisation blower (Sartorius YIB01-0DR). 
 
2.2. Measurements of meteorological parameters 
Wind speed was measured at 13.5 m above ground with a cup anemometer located on the top of a meteorological 
tower. The tower was placed near a tree with a height of about 9 m and was also used to carry out particle 
measurements within the tree crown (results are not reported here). 
Temperature and relative humidity were determined at the reference site 2 m above ground. Precipitation was 
measured at the reference site using a precipitation sensor (Lambrecht 15188). 
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Figure 1: Daily precipitation, temperature and wind speed during the particle measurements. 
 
3. RESULTS AND DISCUSSION  
 
An overview of the meteorological conditions during the sampling period is given in figure 1. Within one year 
(August 2003 to July 2004) precipitation was 595 mm and average temperature 11.0 °C. The corresponding 30-
year values are 771 mm and 10.6 °C. Therefore, it w as a relatively dry and warm period. 
Karlsruhe is located in the Upper Rhine River Valley, which is bounded by the mountainous ranges of the Black 
Forest in the east and the Vosges Mountains in the west. The valley almost runs in a north-south direction. The 
westerly winds are modified by this topography and show a pattern indicated in the wind rose in Figure 1C. The 
main wind direction is south-west. There are also winds from north-north-east, but higher wind speed is mostly 
associated with the main wind direction. 
During the measurements PM10 concentrations at the reference site ranged between 6.4 µg m-3 and 57 µg m-3 
with a mean of 23 µg m-3. Figure 2A shows that during winter peaks of PM10 concentration tend to be higher than 
in summer.  
The average PM2.5/PM10 ratio was 0.71, a characteristic value for many central-European cities. According to 
Querol et al. (2004), ratios at kerbside sites range usually between 0.6 and 0.7. The correlation between PM10 and 
PM2.5 was very high (R² = 0.95). 
The scatter diagrams in Figure 3 show the relationship between meteorological parameters and PM10 
concentrations and the PM2.5/PM10 ratio respectively. In order to test the significance of a linear correlation, PM10 
concentrations were log-transformed and a significance level of 0.05 was used. 
A significant negative linear relationship between PM10 concentration and both average wind speed (R² = 0.25) 
and the amount of precipitation (R² = 0.14) could be found. Therefore dilution of particles and washout by rain are 
two main processes causing lower local particle concentrations. A negative correlation between particle 
concentrations and wind speed can also be seen as an indicator for the road as a strong local source 
(Chaloulakou et al. 2003).  
There was neither a significant linear relation between relative humidity and PM10 nor between temperature and 
PM10. Particle concentrations reached a minimum at a level around 11 °C increasing both with higher and low er 
temperatures.  
Wind speed and precipitation had no significant influence on the PM2.5/PM10 ratio. The coarse and fine fractions of 
PM10 are thus affected similarly by precipitation and dilution. However, the PM2.5/PM10 ratio showed a significant 
negative linear correlation with temperature (R² = 0.40) and a positive correlation with relative humidity (R² = 
0.27). Therefore the fraction of fine particles increases with decreasing temperature and increasing humidity. This 
could be a result of chemical reactions in the urban atmosphere. 

 
Figure 2: PM10 concentrations at the reference site and correlation between PM10 and PM2.5. 
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Figure3: Relationship between meteorological parameters and PM10 concentrations (A-D) and PM2.5/PM10 ratio (E-

H) respectively. Significant linear correlations are indicated by a line. 
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DAILY AND ANNUAL VARIABILITY OF EFFECTIVE ALBEDO OF URBAN AREA - 
LODZ CASE STUDY 

Wlodzimierz Pawlak * 

*Department of Meteorology and Climatology, University of Lodz, Poland 
 
 
Abstract 
 
The aim of this work is to present results of effective albedo measurements carried out in Lodz. These 
measurements were made with sensors installed on two masts placed on the buildings roofs. Measurement sites 
were located in the city center, and albedo sensors were installed about 40 m above the ground (about 20 m 
above urban canopy layer). Data analysis shows low albedo values of urban areas and very small differences 
during a year (except wintertime). The lowest values were noted in summer (about 0.08) and the highest in winter 
(about 0.1 – 0.12).  
 
Key words: effective albedo, urban surface, albedo measurements  
 
1. INTRODUCTION  
 
The urban and rural area albedo values essentially differ from each other and this is an important climatologic 
issue. As distinct from rural area, albedo values of urban area are determined by not only sun height above 
horizon but also by physical and geometrical parameters of development (materials, percentage portion of roofs 
surface, portion of vegetation, building height to street width relation, streets azimuths) and effect of multiple 
reflection of total solar radiation between facets. These factors cause increased absorption of total solar radiation, 
which in effect causes lower albedo values in comparison with rural area (Stull, 1988; Taha, 1997; Offerle et al., 
2003; Christen and Vogt, 2004). Albedo of geometrically complicated active surface (not only urban surface) is 
called effective albedo.  
 
Albedo measurements can be carry out with two main methods – with use of satellite and aerial images (Brest, 
1987) or with use of measurement sensor (albedometer, net radiometer) installed above study field. The first 
method can be applied for both rural and urban surfaces (main problem is image resolution) but using the second 
method for urban areas is not so simple, because of lack of wide, flat, homogenous surfaces within the city, 
enabled obtain valid albedo data. This problem can be solved in many ways. The first way assumes 
measurements in any place in the city (square, street, courtyard, etc.) but the data give information about 
radiation in only this specific place (Pawlak et al., 2005). To obtain effective albedo data for bigger urban area, 
measurement sensor should be mounted above the Urban Canopy Layer, for example on high tower or mast 
(Fortuniak et al., 2000; Offerle et al. 2003; Offerle et a., 2006b) and than measured effective albedo will be 
average value of surface area. In many cases such measurements are problematic, therefore effective albedo 
analysis of physical models simulating urban surface are used. However these models (made by bricks or 
concrete blocks) are very simple and don’t reconstruct real urban area (Aida, 1982; Kanda and Katsuyama, 2002; 
Pawlak and Fortuniak, 2003; Kanda et al., 2005).   
 
This work shows results of diurnal and annual variability of urban area effective albedo measurements, which 
were carry out with use of sensors mounted on high masts in the center of Lodz.   
 
2. MEASUREMENTS AND SITES DESCRIPTION 
 
Measurements were carried out at two sites in the center of Lodz (second largest polish city with population 
~750000, located in the center of Poland) with use of two CNR1 Net Radiometers (Kipp&Zonen, Holland) 
mounted above Urban Canopy Layer. Building development in this part of the city characterize building heights 
about 15 –20 m with only a few buildings two or more times higher than UCL (there was no such objects in the 
sites neighborhood). First measurement site is located in Lipowa Street (Lipowa Measurement Station - LMS) in 
the west part of city center (fig. 1a and 1c). Sensor was installed on the high mast 37 m mounted on previous 
Department’s of Meteorology and Climatology building, above the ground and 20 m above UCL. Data were 
recorded as 15-minute averages. Effective albedo investigations at this site have taken place in the period 
November 2000 – August 2003 and were a part of energy balance components measurements experiment 
guided by prof. S. Grimmond and dr B. Offerle (Indiana University, Bloomington, USA) in cooperation with 
Department of Meteorology and Climatology, University of Lodz, Poland (Fortuniak et al., 2000; Offerle et al., 
2002, Fortuniak, 2003; Offerle et al., 2003, 2005, 2006a, 2006b). The second site was located in Narutowicza 
street (Narutowicza Measurement Station - NMS) in the east part of city center (fig. 1b and 1d). In this case net 
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radiometer was installed on the mast mounted on the actual Department’s building, 42 m above the ground level 
26 m above UCL. Experiment at this site last since June 2005 (and still carry on) – in present paper data from the 
period June 2005 – March 2006 were used. Likewise LMS, effective albedo data were recorded as 15-minute 
averages. The distance between sites is about 3 km. Because of installing sensors 20-25 m above UCL, albedo 
data are average values of urban area ~250 m diameter (Fortuniak, 2003, fig. 1c and 1d). The nearest 
neighborhood of NMS and LMS is dense development of buildings built in XX century, with maximum height 15 – 
20 m. Buildings roofs are covered by black tar, street are asphalted with concrete pavements. Building 
development is a little bit denser in LMS surrounding (20-30% of roofs surfaces) than NMS (10-20%). The 
percentage of all artificial surfaces around the sites is, respectively, 50-70% and 40-60%, while the percentage of 
green areas at both sites is 10-20%, with tree cover doesn’t exceeded 10% (Klysik, 1998). 
 
a) 

 

b) 

 
 
c) 

 

d) 

 
 
Fig. 1. Fish-eye photos (form the top of masts) and urban surface aerial photos of effective albedo measurements 
sites in Lodz – Lipowa Measurement Station (a, c) and Narutowicza Measurement Station (b, d). White circle 
indicates 250 m diameter area.  
 
4. RESULTS 
 
Analysis of diurnal and annual effective albedo variability base on selected cases of effective albedo, measured 
during cloudiness days (as far as possible). A large majority of these cases (both at LMS and NMS sites), apart 
from season are distinguished by characteristic U-shape course, with high values after sunrise, decrease to 
minimum at noon (maximum Sun height above horizon) and next increase before sunset (fig. 2 and 3). Similar 
courses were observed during wintertime with snow cover. Exception occurred in June at NMS (fig. 2), when 
effective albedo after sunrise decreased to 6-7 am, next increased and reached local maximum about noon. This 
effect is generated by the wide, light, artificial surface (concrete parking place) in the nearest surrounding of NMS, 
which, after illuminating by solar beam, causes increase of reflected shortwave radiation. In consequence of it, 
effective albedo at noon was higher about 3% than minimum values at 6-7 am and 4-5 pm. Situation like that 
doesn’t occur during other months because of 20 m high buildings surrounds parking place stop incoming direct 
solar radiation. Another type of effective albedo daily course were observed between March and May at LMS. 
There is no clear effective albedo minimum at noon – values are approximately constant during the most part of 
the selected days. This effect is probably also connected with influence of artificial surfaces, which reflect 
radiation and are covered by greens without leaves at this part of year (fig. 3).   
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Fig. 2. Daily courses of urban surface effective albedo at NMS (selected cases from the period June 2005 – 
March 2006). Dashed line represents effective albedo of urban surface covered by snow. 
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Fig. 3. Daily courses of urban surface effective albedo at LMS (selected cases from the period November 2000 – 
August 2003). Dashed line represents effective albedo of urban surface covered by snow. 
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Effective albedo of investigating areas in Lodz is moreover distinguished by annual course with small 
diversification, depends on annual variability of sun height above the horizon (fig. 2 and 3). The lowest values 
were observed in spring and summer (LMS – 0.08, NMS – 0.1). During autumn and winter values increased to 
0.1-0.11 at LS and 0.12-0.14 at NS. Higher values of effective albedo than described above, were observed only 
in wintertime when urban surface was covered by snow. The values reach from 0.15 (LS – surface partly covered 
by snow) and 0.2 (NMS – old snow in February and March) to 0.3 (LMS) and 0.35 (NMS) after intensive falling of 
fresh snow.  
 
5. CONCLUSION 
 
Described measurements carried out in Lodz, indicate intensive absorption of solar radiation during whole year at 
both sites. This effect is strongly connected with geometrical and physical character of active surface – dense 
building development and, especially, buildings roofs covered by black tar. A little bit lower density of building 
development at LS neighbourhood gives 0.02-0.04 lower values of effective albedo than at NS site. Small 
differences of effective albedo values during a year indicate prevailing of surface character over radiation 
influence.   
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ENERGY FLUX DENSITIES WITH REMOTE SENSING AND IN-SITU DATA IN AN 
URBAN ENVIRONMENT 

Rigo G., Parlow E. 

University of Basel, Institute of Meteorology, Climatology and Remote Sensing, Switzerland 

ABSTRACT 

During the Basel Urban Boundary Layer Experiment (BUBBLE) in 2002 a wide set of micrometeorological 
measurements of an international research team took place in the City of Basel in northern Switzerland. The 
acquired dataset enables us to validate the radiation and energy flux densities which were computed and 
modelled with remote sensing data from different satellite systems (MODIS, ASTER, NOAA-AVHRR, Landsat 
ETM+). After validation of the radiation fluxes, the ground heat flux was modelled and validated also with the in-
situ measurements. A combined NDVI-Bowen-Ratio regression approach was used to compute the turbulent flux 
densities in the spatial domain. 

Key words: Urban surface heat island, remote sensing, energy fluxes 

1. INTRODUCTION 

During the BUBBLE-IOP (Intensive Observational Period) from mid June to mid July 2002, a total of eight 
micrometeorological measurement sites were selected in and around the city. All these sites were equipped with 
a complete set of instruments for measuring the radiation and heat fluxes. (Christen & Vogt 2004, Christen & Vogt 
2005) 

The available satellite data consisted of MODIS Terra, NOAA-AVHRR and Landsat ETM+ scenes from which the 
two-day period of 7th and 8th of July was selected for the modelling and validation of the energy and radiation 
fluxes. 

2. METHODS 

2.1 Remote sensing data 

In a first phase, the thermal infrared datasets from all the satellite platforms were atmospherically corrected and 
validated with the in-situ measured longwave upward radiation with an overall accuracy around 3% (Rigo & 
Parlow a)).  

The short wave radiation was modelled with SWIM (Short Wave Irradiance Model) and a digital elevation model 
(DEM) of 25m resolution. Together with the shortwave albedo, which was derived from the Landsat ETM+ scene, 
it was possible to calculate the net radiation (Q*). 

For further processing of the data and the modelling of the ground or storage heat flux (QG) the Objective 
Hysteresis Model (OHM) approach, first developed by Grimmond & Oke (1999) and applied to remote sensing 
data by Rigo & Parlow (b), was used. There the overall accuracy yielded a result of a difference of less than 20 
Wm-2. For this paper, this processing was applied on four scenes taken on the 8th of July 2002 from Landsat, 
MODIS and AVHRR 16. 

With these components of radiation and heat fluxes all available now only the latent and sensible heat flux 
densities QE and QH are unknown. To calculate them, a Bowen-Ratio approach was used. Beneath the Eddy-
Covariance approach the Bowen-Ratio approach is one of the few possibilities to calculate the latent and sensible 
heat flux (Oke 1990).  

The Bowen-Ratio (β) is described as:  

 

β = QH / QE       (2.1) 

Typical values for β are between 0.3 and 0.8 for vegetated areas and forest and 1 to 5 for urban environments, 
depending on the density of the buildings and vegetated areas. Together with the Normalized Difference 
Vegetation Index (NDVI) and in-situ derived Bowen-Ratios, the Bowen-Ratio for the spatial domain can be 
calculated from a regression with an R2 of 0.95. In a second step QE and QH can be calculated when we assume 
that the energy flux density balance should be closed. 
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2.2 In-situ data 

The in-situ data were acquired at seven sites in and around the City of Basel of which three were situated in 
urban areas, one in suburban and three in rural areas. The whereabouts of the sites can be found in Fig. 1.  

Sensible heat flux density QH and latent heat flux density QE were directly derived from eddy correlation 
measurements using three-dimensional ultrasonic anemometer-thermometers combined with humidity fluctuation 
measurements. QH and QE were calculated from block averages of 20 Hz raw data averaged over one hour 
(Christen & Vogt 2004). All instruments were checked and outputs compared with each other in the wind tunnel 
(except the instrument at U3).  

 

Fig.  1: Map of all surface sites during the BUBBLE-IOP in June-July 2002 on a land-use classification derived 
from a LANDSAT-ASTER mixed image from the 12.06.2001 

3. RESULTS 

The averaged components of the heat flux densities for the 8th of July 2002 are show in Fig. 2 for two sites (U1 
and R1). The same day was also the focus of the remote sensing modelling of the heat flux densities. The graphs 
show clearly the differences of the heat flux densities depending on land use at the different sites. All sites have in 
common the negative fluxes during daytime and the slightly positive ones during night time. Clear differences can 
be found at QH and QE between the urban and rural sites, whereas the Allschwil site lies somewhere between the 
two. 

Heat fluxes daily course at U1 (Sperrstrasse) for the 8.7.2002
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a)      b) 

Fig.  2: In-situ heat flux densities for the 8th of July 2002 for a) U1 and b) R1  

 

As for the satellite data the results show a mean difference of below 30 Wm-2 for QH whereas for QE the values 
are around 50 Wm-2. For rural sites the differences in QE are generally higher than for urban sites. An overview of 
the mean absolute differences (MAD) for each of the stations can be found in the Table 1 below. 
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Tab.  1 : Mean absolute differences (MAD) for energy flux densities for the in-situ sites in Wm-2 

 

 

 

 

 

 

 

 

 

The coefficient of determination (R2) is 0.77 for the sensible heat flux density and 0.92 for the latent heat flux 
density.  

The following figure (Fig. 3) shows an example for the Landsat overpass. It must be pointed out that for night time 
modelling of QE and QH this NDVI-Bowen-Ratio approach is not useful and yields completely wrong results. For 
the River Rhine the modelled values are not representative in Fig. 2 due to the specific thermal properties of 
water which were not included in the Bowen-Ratio / NDVI approach.  

In Figure 3 a) the urban areas are clearly distinguishable due to their very high sensible heat flux densities (below 
-200 Wm-2), whereas the rural areas are higher than -100 Wm-2, with forests showing even lower values. As for 
Figure 3 b) the results change completely and the highest negative values can be found in the rural areas, 
whereas the urban surface clearly shows very low latent energy fluxes. 

 

a)      b) 

Fig.  3: a) Shows the QH distribution at the time of the Landsat overpass (10.10 UTC) and b) shows the QE 
distribution. All values are in Wm-2. 

4. DISCUSSION AND CONCLUSIONS 

 According to the model of Zhan et al. (1996), the differences for the sensible heat flux are sensitive to errors in air 
and surface temperatures. They showed, for example, that a 10% error in surface temperature can result in an 
error of over 50% in predicted heat flux. When we assume, that our accuracy according to (Rigo & Parlow a)) is 
on the order of 3% to 4% the errors in sensible heat flux could be expected to range between 20 Wm-2 to 40 Wm-2 
with the approach of Zhan et al. (1996). Authors (Liu & Foken 2001; Ma et al. 2003) use also a Bowen-ratio 
approach for the modelling of QE and QH, others (Kustas et al. 2003,, Kustas et al. 2004 and French et al. 2005) 
use models based on the two-source energy balance model proposed by Norman et al. (1995). Other models are 
two source-models like the one of Anderson et al. (1997) describing the relationship between surface radiant 
temperatures and energy fluxes.  

As for the remote sensing imagery, there is a clear relationship between Bowen-ratio and NDVI. The used NDVI / 
Bowen-Ratio approach showed very promising and good results for daytime heat flux densities, whereas for night 
time imagery it is not useful due to its dependency on the NDVI and daily Bowen-Ratio values which differ 
strongly from the night time ones. The mean absolute difference for the modelled QH is 25 Wm-2 and for QE it is 46 

Site U1 U2 U3 S1 R1 R2 R3 

MAD QS 10 24 13 12 19 17 37 

MAD QH 28 14 - 12 17 16 - 

MAD QE 18 25 - 37 42 78 - 

Mean for all fluxes densities 19 21 13 20 26 37 37 
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Wm-2 with an RMSD of 19 Wm-2 and 39 Wm-2 respectively. For QE the differences are higher at the rural sites 
whereas for QH urban sites show slightly higher differences.  

The achieved accuracy of this approach was high when compared to results from Kustas et al. (2004) (with an 
RMSD of 26 Wm-2 for QH and 38 Wm-2 for QE) or French et al. (2005) which also show differences in of about the 
same order over homogeneous surfaces whereas we deal here with different land use and surface 
inhomogeneity. 

Although the approach used hereby is quite simple and bases on the Bowen-Ratio, it still requires a very exact in-
situ measurement network for measuring and calculating the necessary energy fluxes either with an eddy-
covariance approach or combined with a heat flux plate. On the other hand, the crucial validation of the source 
data with the in situ data, starting with the longwave upward radiation (see Rigo & Parlow a)) followed by the net 
radiation and the computation and modelling of the ground heat fluxes (see Rigo & Parlow b)) enables us to 
model the energy balance components in a spatial distribution based on validated basic datasets. 
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An empirical analysis of the relationship between meteorological parameters 
and urban air pollution 

 
 

I. Steinberga*,**, L. Lizuma**, A. Eindorfa*,** 
* University of Latvia, Faculty of Geography and Earth Sciences 
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The present study addresses recent achievements to better linking of meteorology, air pollution levels and 
forecasting in urban areas. 

Air pollution has been of increasing concern in many cities all over the world. Despite the reduction in such 
emissions as SO2, NOx and large particulates, short and long-term air quality limit values and in some cases even 
alarm thresholds specified in European directives have been exceeded in the most of large European cities. With 
this in mind, and human health in particular, quantitative and qualitative impacts of meteorological conditions were 
analysed, with special emphasis on air pollution episodes caused by wind (speed and direction), temperature, 
humidity, atmospheric stability and rainfalls; an analysis of relocation of meteorological stations was involved as 
well.  
 
 
Keywords: air pollution; forecasting, urban climate 
 
 
1. Introduction 

Substances emitted into the atmosphere are dispersed horizontally and vertically through the action of 
turbulence. To fully understand the processes responsible for the spatial and temporal distribution of pollutants 
requires analysis of local meteorology; especially wind direction and speed; turbulence; and atmospheric stability. 
Chemical reactions in atmosphere depend on weather conditions because they are influenced by solar radiation; 
air temperature; and air humidity. Rural air pollution arises from dust resuspension, smoke from fires, traffic. In 
such cases the link between the meteorology and the pollution level is relatively clear. The link is less obvious in 
the case of urban air pollution (Elminir, 2005). Generally, the surface wind speed and precipitation are the major 
meteorological parameters that influence the pollutant concentrations of aerosols (Zhou et al., 2004). 

Urban air pollution occurs as a result of a combination of several factors. Firstly, pollutants need to be 
emitted into the atmosphere. Various pollutants may then undergo chemical reactions among themselves and 
with other species. The pollutants move as a result of transport by the wind, and they diffuse as a result of 
turbulence in the air. The dispersion of the pollutants is a result of two inter-connected factors: local 
meteorological conditions, and local topography. 

The results of monitoring that included particulates (PM10), ozone (O3) and nitrogen oxide (NO2) 
measurements near the surface at three urban air pollution stations were analyzed versus the meteorological 
conditions at three meteorological stations in Riga. The study was performed in order to identify meteorological 
situations that might cause extreme high air pollution episodes in agglomerations and urban areas in particular. 
 
 
2. Methodology 

Contrasts and causes of diurnal variations between heavy pollutant days and good air quality days were 
analyzed. On heavy polluted days, the pollutant concentrations exceeded the European Union standard criteria 
for PM10.  

The regression analysis was used in order to find and perform goodness of fit tests (Breiman et al., 1984; 
Visser et al., 2002.). Data analysis begins by testing each variable independent of the others; expressing 
relationships mathematically and finalize with air pollution forecasts according to describing relationships. 
Additionally synoptic types were analyzed in terms of circulation patterns and air mass characteristics (Cogliani, 
2001.; Oanh et al., 2005.). 
 
 
3. Air quality and meteorological data; site characteristics 

Air quality measurement sites characteristics are different representing traffic and urban background and 
not all parameters are being measured at all sites. Measurement program is elaborated depending on site 
specification and typical dominating sources in the specific area. The variables monitored were NO2, PM10 and 
O3. Table 1 presents the description of meteorological stations and air quality stations. Ambient air temperature; 
relative humidity; wind data and atmospheric stability data selected as the most relevant for interpretation of the 
results. 

                                                 
* Alberta Str. 10, Riga, Latvia, LV1010. Iveta.Steinberga@meteo.lv  
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Meteorological parameter (temperature, wind speed, wind direction, etc.) measurements were performed by 
Vaisala (Finland) company equipment; stability describing meteorological variables were calculates according to 
Monin - Obukhov theory. Open-path spectroscopy techniques, such a differential optical absorption spectroscopy 
(DOAS), are used for pollutants monitoring because of the advantages they offer over classical methods and point-
source analyzers. Measurements of PM10 were performed by another method - β-radiation method.  
 
 

Table 1 
Description of an air quality and meteorological monitoring stations 

Station Type of station Coordinates Monitoring program Main emissions in 
station environment 

Kengarags air quality 
background 
monitoring 
station 

Latitude 57.0833 deg 
Longitude 24.15 deg 
Altitude 7 m a.s.l. 

NO2, O3 commercial, institutional 
un residential 
combustion 

Milgravis air quality 
background 
monitoring 
station 

Latitude 57.0236 deg 
Longitude 24.1375 deg 
Altitude 2 m a.s.l. 

NO2, O3 public power, co-
generation and district 
heating 

Center air quality traffic 
monitoring 
station 

Latitude 56.9456 deg 
Longitude 24.1067 deg 
Altitude 4 m a.s.l. 

PM10 road transport 

Spilve meteorological 
station 

Latitude 56.58 deg 
Longitude 24.03 deg 

wind speed and 
direction, temperature, 
humidity, global 
radiation. 

- 

Sloka meteorological 
station 

Latitude 56.966667 deg 
Longitude 24.05 deg 

wind speed and 
direction, temperature, 
humidity, precipitation 

- 

LU meteorological 
station 

Latitude 56.950556 deg 
Longitude 24.115833 
deg 

wind speed and 
direction, temperature, 
humidity 

- 

 
 
4. Results 

The prevailing winds, which may transport moisture, rainfall or pollution from distant sources, play a major 
role on the seasonal and diurnal variations. A correlation analysis indicates a significant negative correlation 
between total urban concentration and wind speed data. The complex analysis of air pollution levels and relative 
humidity shows, that highest O3, NO2 and PM10 values occurred at humidity less than 35 %. The correlation 
between pollutants and temperature was found to be weak or insignificant. On seasonal basis, PM10 have well 
expressed winter maximum and extremely high spring maximum.  

On the basis of the present study, it can be approved that wind data and relative humidity are important 
meteorological parameters influencing air pollution levels; and it’s possible to use these parameters for air 
pollution level forecasts. The scatter diagram between observed and calculated (predicted) PM10 daily values 
based only on dependency of wind speed and humidity is presented in Fig. 1. The value of the coefficient of 
determination was R2 = 0.4271 and it is seen from figure that occurrence of peak PM10 concentrations is a non-
linear process and some corrections for regression algorithms based on other meteorological parameters are 
necessary. 
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Fig.1. Observed vs. calculated PM10 values using regression tree algorithms 
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5. Conclusions 

An empirical relationships based models could be used for air pollution forecasting in order to improve 
algorithms for high air pollution episodes what could be explained more detailed by synoptical conditions. It has 
been proven that wind and humidity data could be successfully used for PM10 air pollution forecasting in Riga for 
hourly values not exceeded 150 ug/m3. In cases of NO2 and O3 correlations are not so evident explainable. 
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Abstract 

 
Measurements of NO, NO2 and O3 were performed in Göteborg, Sweden, during the GÖTE 2005 measurement 
campaign. The aim was to evaluate the variation of pollutant concentrations in the urban landscape in relation to 
urban air quality monitoring stations and meteorology. Important conclusions were that the pollutant 
concentrations varied substantially in the urban landscape and that wind speed strongly influenced pollutant 
concentrations and pollutant gradients. Higher wind speeds act to dilute NO2 due to stronger dispersion, but also 
lead to an enhanced vertical transport of O3, which produces NO2 through oxidation of NO. The latter effect was 
strongest at the more polluted sites, while the first effect was more important at the less polluted sites. 
 
Key words: ozone, nitrogen oxides, air quality, wind speed, temperature, urban heat island, Göteborg, GÖTE 
2005 
 
 
1. INTRODUCTION  
 
In Sweden, like in many other urban areas (Carslaw and Beevers, 2005), it is projected that about one fifth of the 
conurbations have problems to reach the air quality standard of an annual average nitrogen dioxide (NO2) 
concentration not exceeding 40 µg m-3 (~22 nmol mol-1) in 2006. It will be particularly difficult to meet this limit 
close to major traffic routes (Sjöberg et al, 2005). The levels of O3 and NO2 are closely linked by the chemical 
coupling of O3 with NOx (NO2+NO). A reduction in the level of NO2 is frequently accompanied by an increase in 
the level of O3. A better understanding of the relationships between O3, NO and NO2, as well as the influence of 
the state of the atmosphere is necessary to evaluate the exceedances of air quality standards (Clapp and Jenkin, 
2001). Also important for the air quality assessment is the question of spatial representativity of measurement 
sites (Flemming et al, 2005). The aim of this study was to evaluate the variation of NO, NO2 and O3 
concentrations in the Göteborg (South-west Sweden) urban landscape in relation to urban air quality monitoring 
stations and meteorology.   
 
2. METHODS  
 
Measurements of NO, NO2 and O3 were performed using passive diffusion samplers of the IVL type (Ferm, 2001) 
during five 5-day periods from 2 to 27 February, 2005, at eight different locations in Göteborg, Sweden. In 
addition, temperature (T) and relative humidity (RH) were measured with Tinytag (INTAB Interface-Teknik AB) 
sensors/loggers TGP 1500 (recording every 10 minutes) enclosed in self-ventilating radiation shields. The upper 
half of the radiation shield was black and the lower half had reflective cover. Six sites were located in an area with 
heavy traffic around Olskroksmotet, with different distances and elevations in relation to this major traffic route, 
including a site in a nearby park. One site was co-located with the urban rooftop monitoring site Femman, which 
permitted comparison of passive sampler and Tinytag data with continuously operating monitors and 
meteorological observations (T and RH with Campbell Rotronic MP101 and wind speed with Gill Ultrasonic). One 
further site was a rural reference (Annekärr) situated about 25 km north-east of the Göteborg city centre. 
Coordinates and characteristics of the measurement sites are further described in Table I. If not stated otherwise, 
the measurement height was about 2 meters for the passive samplers and about 1.5 meter for T and RH 
measurements with Tinytags. At Femman O3 was measured with an UV absorption monitor (Monitor Labs) and 
NOx with a Tecan CLD 700 AL. Further continuous NOx data (Opsis DOAS system) were received from a 
measurement station nearby the major traffic route (Gårda) and a measurement station situated in a city street 
environment (Haga). The measurements formed part of the GÖTE 2005 measurement campaign 
(http://www2.chem.gu.se/~hallq/Gote_2005.htm) 2 February to 2 March in Göteborg.  
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Table I. Site names, coordinates, site characteristics, mean, maximum and minimum temperature (T, °C) a nd the 
fraction of time (%) with relative humidity (RH) above 80% based on measurements with Tinytags. 
 
Site 

 
Coordinates 

 
Site type 

Mean T 
(°C) 

Max/Min T 
(°C) 

Time fraction 
RH>80% (%) 

1. Femman 57° 42.522’  
11° 58.236’ 

Rooftop monitoring site (30 m 
above street level) 

-0.6 5.8 / -7.5 
 

59 
 

2. Skansen Lejonet 57° 42.853’  
11° 59.346’ 

15 m above ground, ~200 m 
west of Olskroksmotet 

  
  

3. Mast 57° 42.943’  
11° 59.545’ 

~100 m west of Olskroksmotet -0.9 4.2 / -7.4 
 

59 
 

4. Road 57° 42.960’  
11° 59.574’ 

Closest (~8 m) to traffic route, 
west of Olskroksmotet 

-0.7 4.1 / -7.0 
 

59 
 

5. Railroad 57° 42.708’ 
11°59.834’ 

Along traffic route, ~400 m 
south of Olskroksmotet 

-0.5 6.1 / -6.9 
 

59 
 

6. Olskroken  57° 42.828’  
11° 59.700’ 

~15 m from traffic route, east 
of Olskroksmotet  

-0.8 5.5 / -7.4 
 

72 
 

7. Lunden 57° 42.697’  
12° 00.031’ 

Hillslope park site, elevated in 
relation to traffic route 

-1.2 3.8 / -7.6 
 

77 
 

8. Annekärr  57° 51.901’  
12° 19.080’ 

Rural  -1.8 4.6 / -8.1 
 

84 
 

Gårda 
 

57° 42.059’ 
11° 59.676’ 

Along traffic route, ~1 km 
south of Olskroksmotet 

 
  

Haga 
 

57° 41.949’ 
11° 57.645’ 

City street environment  
  

 
 
One week before and three weeks after the measurement period the Tinytags, in their self-ventilated radiation 
shields, were kept at Femman in parallel with the Rotronic sensor, in a shield with forced ventilation, the latter 
expected to provide T and RH with high accuracy, for calibration. After correction a relationship close to 1:1 was 
obtained between the different Tinytags and the Rotronic for T. For example, the relationship between the Tinytag 
co-located with the Femman Rotronic the entire measurement period was TRotronic = TTinytag + 0.00004, R2 = 0.95. 
Calibration of RH close to 100% was complicated. Below 80% there was a relationship close to 1:1, but values 
above 80% could not be accurately corrected for all Tinytags because of occasional out of range values. One 
Tinytag was lost (stolen, Site 2) after the second measurement period.  
 
The performance of the passive diffusion samplers was tested by comparison with the instruments at Femman. 
For the entire measurement period the average deviation of the O3, NO and NO2 samplers from Femman 
instrument measurements were 1%, 12% and 3% respectively (see also Figure 1). Some out-of-range NO values 
were obtained at Annekärr. Therefore NO values from this site were excluded from Figure 1. 
 
3. RESULTS AND DISCUSSION 
 
In general, the GÖTE 2005 campaign was characterised by relatively cold and windy weather, partly with snow 
cover. The mean wind speed at Femman during the 2 to 27 February was 4.9 m s-1. Temperature inversions were 
not strongly developed with the exception of the first few days and occasionally later during the campaign. 
Consequently, air pollution concentrations did not grow very large. Some meteorological characteristics of the 
different sites can be seen in Table I. As expected, the lowest temperature and the largest time fraction of relative 
humidity over 80% was measured in the rural site Annekärr followed by the park site. The remaining urban sites 
showed similar temperatures and relative humidity with the exception of site 5. The large time fraction of high 
relative humidity for that site was almost entirely caused by one period (period 3). No satisfying explanation of this 
has been found.  
 
Figure 1 shows the mean variation in O3, NO and NO2 concentration between the different sites during the 
measurement period. The Femman monitoring site was relatively low in NO and NO2 compared to most of the 
other urban sites, with the exception of the park site. For instance, the 25-day average of NO2 was 13.6 ppb at 
Femman, while 25.5 ppb at the site closest to the traffic route. The rural site was however much lower in NO2 
compared to the urban sites, only 3.3 ppb. The variation of NO in the urban landscape was larger. Concentrations 
of NO at the most polluted site (4) were approximately nine times higher than at the Femman rooftop monitoring 
station and nearly two times higher than at the Gårda monitoring station. For NO2, being a secondary pollutant, 
the corresponding factor was around two and for O3 the concentration was lower by approximately 30% in the 
most polluted site compared to Femman. There was a clear negative effect of NO emissions on the O3 
concentration at the most polluted sites, while the variation in NO2+O3 between sites was relatively small, the 
range being between 34.9 ppb at the rural site and 44.0 ppb at the most polluted site. 
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Figure 1. Average pollutant conditions at the different sites, 2-27 February (NO = solid line, NO2 = dashed line, O3 
= dotted line; error bars = standard error) measured by passive diffusion samplers (site 1-8, open symbols) and 
continuous instruments (Haga, Gårda and Femman, closed symbols). Site 1 is identical to Femman, but using 
passive diffusion samplers. 
 
The difference in O3 concentration between the most polluted site (4) and the rooftop monitoring site Femman 
shows a significant (p<0.05) correlation with wind speed. The concentration difference was larger at higher wind 
speeds. The O3 concentration increased with wind speed at both sites, but the increase was more rapid at 
Femman, reflecting a stronger coupling with the more O3 rich air layers on higher altitude and the larger 
consumption of O3 in reaction with NO at the more polluted site. The effect of wind speed on the NO2 
concentration ratio of the polluted urban landscape and the Femman rooftop monitoring site is shown in Figure 
2a. Higher wind speeds act to dilute NO2 due to stronger dispersion, but also lead to an enhanced vertical 
transport of O3, which produces NO2 through oxidation of NO. The latter effect was strongest at the more polluted 
sites, while the first effect was more important at the less polluted sites. The diurnal variation in the NO/NO2 
system differed substantially between the rooftop monitoring site (Femman) and the monitoring sites nearby a 
traffic route (Gårda) and at the urban street level station (Haga). The Gårda monitoring site was similar to the 
severely polluted urban environments in Germany (Flemming et al, 2005). 

2 3 4 5 6 7 8
0

0.5

1

1.5

2

2.5

3

Rooftop wind speed (m s-1)

[N
O

2
] si

te
#
 /

 [
N

O
2] F

e
m

m
an

Site 7
Site 2
Site 6
Site 5
Site 3
Site 4

a 

02 04 06 08 10 12 14 16 18 20 22 00
0

50

100
Haga

02 04 06 08 10 12 14 16 18 20 22 00
0

50

100

M
ol

e 
fr

ac
tio

n 
(n

m
ol

 m
ol

-1
)

Gårda

02 04 06 08 10 12 14 16 18 20 22 00
0

50

100

Time of day

Femman
NO
NO

2

b 

 
Figure 2. a) NO2 concentration ratio of sites 2-7 and the rooftop monitoring site Femman in relation to wind speed. 
Line thickness reflects the order of the sites with respect to NO pollution. (Thickest line belongs to the most NO 
polluted site (4) and thinnest line to the least NO polluted site (7)). b) Diurnal cycle of NO and NO2 at the urban 
monitoring sites. 
 
Also important for the ventilation of air pollutants is the urban heat island (UHI) circulation (Eliasson and Holmer, 
1990). The measurement arrangement was not specifically designed to investigate urban to rural differences, 
since only one site was situated in a rural area. The rural reference site (8) was located in Annekärr, about 17 km 
northeast of the outskirts of Göteborg and about 25 km from the city centre. Its placement in the landscape, on a 
slight slope to the east, made it unlikely to show unreasonably low temperatures due to cold basin effects and 
was considered to be representative of rural conditions. The comparison of the urban temperature measurements 
with the rural site indicated a nocturnal urban heat island effect of up to ~2˚C and on average 1.1˚C. The site in 
the park was colder than the other urban sites by up to ~1˚C. Both the UHI and the park effect were strongly 
dependent on wind speed (urban-rural p<0.01, urban-park p<0.01), both being almost absent in the highest wind 
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speeds (Figure 3a). The difference in nocturnal NOx concentration between Femman and the Gårda and Haga 
monitoring stations decreased with increasing wind speed (Figure 3b). Since the wind speed for most part of the 
measurement period was high, the UHI was not strong enough to generate an UHI circulation, which is likely to 
start at a heat island intensity of at least 2.5 °C  and wind speed less than 3 m s-1 (Eliasson and Holmer, 1990). It 
is therefore probable that the pollutant situation was not influenced by ventilation due to UHI circulation.  
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Figure 3. Nocturnal (dark hours: 6 pm to 7 am) means from 2 to 27 February of a) temperature difference 
between the Femman urban rooftop monitoring site and the rural site (8) and the park site (7) and b) difference in 
NOx concentration bewteen the Gårda and Haga sites and Femman in relation to wind speed from the Femman 
urban rooftop monotoring station.  
 
4. CONCLUSIONS 
 
Important conclusions from the present study were: 

• The concentrations of NO, NO2 and O3 varied substantially in the urban landscape. 
• The most polluted site had considerably higher levels of NOx, especially the primary pollutant NO, 

compared to the urban rooftop monitoring station Femman. The most polluted site also had considerably 
higher levels of NO compared to the most polluted monitoring site, Gårda. 

• Pollutant concentrations and pollutant gradients in the urban landscape were strongly dependent on the 
wind speed. The effect of wind on NO2 concentration is a delicate balance between stronger dispersion 
at high wind speeds (diluting NO2) and enhanced vertical transport of O3 to oxidise NO to NO2 
(producing NO2) by stronger winds. The latter effect was strongest at more polluted sites, while the first 
dominated at less polluted sites.  

• The development of the UHI was dependent on wind, but since the wind speed for the most part of the 
measurement period was relatively high, the UHI was not strong enough to generate an UHI circulation 
and thus influence the pollutant situation.  

• The depression of O3 was clearly related to the degree of local NO pollution. 
• The diurnal dynamics of NO and NO2 concentrations varied strongly between the three monitoring sites. 

The situation at Gårda is comparable to the severely polluted urban environments in Germany. 
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Abstract 
 
This study aims at quantitative analysis of the summer radiative temperature distributions in Nagata, Kobe, by 
overlaying aerial thermal image with some GIS data(Administrative Boundary, Zoning Map). Major findings in this 
study are as follows. (1) The difference of radiative temperature between North Area (near the mountain) and 
South Area (near the sea) is large in the nighttime and the early morning, but it is small in the daytime. (2) In the 
Zoning Map, surface temperature of residential area is lower than that of industrial area during a day.  
 
Key words:  Thermal Image, Radiative Temperature, Administrative Boundary, Zoning, GIS 
 
 
1. INTRODUCTION  
 
In recent days, from some views (improvement of comfort and health, energy conservation) the necessity of 
“district planning with climate” is pointed out in Japanese cities. To promote the “district planning with climate” 
actually, the use of climate information is considered as effective method. At the same time, the correlation 
between landuse and temperature has been revealed already1), so it is important to examine landuse and lower 
the radiative temperature for comfort. It is effective to clarify distribution of radiative temperature of land surface, 
using thermal image as basic information for lowing radiative temperature. In the meantime, by development of 
airborne thermal IR sensor technique, it is being acquirable of thermal image targeted large area with geographic 
coordinates. The purpose of this paper is to grasp distribution of radiative temperature statistically in Nagata, 
Kobe, by overlaying observed summer thermal image with GIS data, using the specificity (large area and 
simultaneity) of airborne thermal IR sensor. This study also aims at lowering the surface temperature, and basic 
material of environmental planning for “district planning with climate”. We concretely examined distribution of 
radiative temperature of administrative boundary and zoning area in this paper. 
 
2. OUTLINE 
 
2.1. Outline of Study Area 
 
Fig.1 shows the location of Nagata ward in Japan. In Nagata, Mt.takao and Mt.takatori are located at north, and 
the Osaka Bay is located at south, so elevation is getting higher from south to north. 
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Fig.1 Location of Nagata, Kobe, Japan 

Table.1 Specifidation of the Sensor 

 
 
2.2. Analysis Data 
 
2.2.1. Thermal Image Data 
 
(1) Outline of Sensor 
 
Table.1 shows the specification of the sensor which observed the thermal image we used in this paper. 
 
 
 
 
 
 
 
 
 
 
(2) Outline of Observed Thermal Image 
 
The outline of observed thermal image is as follow. These are observed using the Thermo Tracer TS7320 sensor 
from helicopter. Observation was done three times. 
 
●The Way of Geometric Correction: 
Original images for this study are segments of video movie observed by wide angle lens, so it has distortions at 
the edge. Therefore we didn’t use original image (size: 320 pixel × 240 pixel), but the center area of thermal 
image (size: 176 pixel × 176 pixel), which was extracted from original image. To the extracted thermal image, 
control points were put with referring the “Urban Planning Map in Kobe (1/10000 level)” for geometric correction. 
A thermal image was produced by re-sampling with nearest neighbor method. Thermal images used in this study, 
were mosaic data that integrate these images. 
 
●Spatial Resolution: 3m 
 
●Flight Direction of Helicopter: North - South 
 
●Observation Date: 1st; 2004/8/25, 14:45 - 15:30,  2nd; 2004/8/25, 21:15 - 22:00,  3rd; 2004/8/26, 5:45 - 6:00 
 
●Weather of Observation Day (observation point; Kobe Ocean Meteorological Observatory):  
1st; cloudy occasional fine,  2nd; cloudy occasional fine,  3rd; cloudy occasional fine 
 
Fig.2 shows temperature and irradiation at observation day. The temperature has observed at Kobe Ocean 
Meteorological Observatory which is located nearest from Nagata. We use data of the irradiation at Osaka District 
Observatory because it wasn’t observed at Kobe Ocean Meteorological Observatory. There is no precipitation 
from 2004/8/24 (the day before observation) to 2004/8/26. The average temperature was as follows at Kobe 
Ocean Meteorological Observatory; 27.5�(2004/8/25) & 27.7� (2004/8/26). The average temperature, in August, 
Kobe,  was as follows; 27.6�(the end of the month) & 28.1�(a month). This results show the observation days 
are typical summer days in Nagata. 
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Fig.2 temperature and irradiation 

Fig.3 Correlation between Θs and Θr 
(Day time) 

Fig.6 Thermal Image 
(Day time) 

Fig.7 Thermal Image 
(Night time) 

Fig.8 Thermal Image 
(Early Morning time) 

Fig.4 Correlation between Θs and Θr 
(Night time) 

Fig.5 Correlation between Θs and Θr 
(Early Morning time) 

 
 
(3) Ground Truth 
 
Thermal Images are observed from the sky, so it is considered that the observation values are under the influence 
of atmosphere and moisture. From the view of “District Planning”, we need to consider land surface temperature. 
During observation date of the thermal images, observations with radiative temperature sensor on the ground 
were done. Using the data observed on the ground, radiative temperature observed by the helicopter was 
converted into absolute temperature. Consideration is done with the absolute temperature. The outline of 
observation on the ground is as follows. 
 
●Observation Point (Observation Items): 1st; Around JR Shinnagata St. (ground, road, forest), 2nd; Kannonyama 
Park (ground, forest), 3rd; Around Nagata Port (surface of the sea, asphalt pavement, ground) 
 
●Observation Dates: 1st; 2004/8/25, 14:45 - 15:30,  2nd; 2004/8/25, 21:15 - 22:00,  3rd; 2004/8/26, 5:45 - 6:00 
 
●The Way of Observation on the Ground: During the observations, each item was observed about ten times, the 
average values were defined as observation values. 
 
From these results, using the following equation, absolute temperature (Θs) is converted from radiative 
temperature (Θr). Fig.3, 4, 5 show the results. 
Day time: Θs = 0.6098Θr + 10.99, Night time: Θs = 0.6575Θr + 7.5438, Early Morning time: Θs = 0.4997Θr + 9.9708 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. RESULTS 
 
3.1. Distributions of Radiative Temperature 
 
Fig.6,7,8 show the distributions of radiative temperature. Principal findings from these images are as follows. 
a. In night time and early morning time, radiative temperature of wide roads (west - east) are higher than the other. 
b. In night time and early morning time, radiative temperature of high elevation area is lower than that of other 
area. 
c. During a day, the radiative temperature of water doesn’t change so much. 
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3.2. Administrative District Distributions of Radia tive Temperature 
 
Overlaying thermal images with administrative district data, average radiative temperatures for each 
administrative district were calculated. Administrative district data was used from view of “district planning”. Fig9 
shows the change of the average radiative temperature of administrative district during a day. Principal findings 
are as follows. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a. The radiative temperature of administrative boundaries including large forest area doesn’t change so much. 
b. The radiative temperature of some administrative boundaries of urban district is higher than that of the other in 
the night time. 
 
3.3. Zoning Distributions of Radiative Temperature 
 
Fig10 shows the zoning. Classification of the zoning is as legend in fig10. Overlaying thermal image with zoning  
data, average radiative temperatures of zoning area were revealed. Fig11 shows change of the average surface 
temperature of zoning area during a day. Principal findings are as follows. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
●The surface temperature of ”residential district” is lower than that of Industrial distirct during a day. 
●The surface temperature of “urbanized control area” is lower than that of the other district. 
 
Conclusions 
From the results, it was revealed that the administrative districts around urban district have higher radiative 
temperature in night time and the zoning except residential district have higher radiative temperature during a day. 
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Abstract 

High background and good understanding of geophysical mechanisms of signal formation from researched medium is 
required for development and operation of the modern high-technological equipment for remote meteorological 
measurements. Therefore, the educational programs for the graduate students, for example, in the field of meteorology 
and physics of the atmosphere should include the practice training in application of remote devices for the 
measurements of atmospheric parameters. The acoustic remote sensors (sodars) are the simplest and economically 
accessible among such devices. The experience of sodar operation provides good opportunities for better understanding 
of complexities, lacks and potential of remote sounding as a method. This paper present a new sodar LATAN-3 which is 
characterized by open adjustable software control and flexible data processing techniques. The parameters and 
description  of LATAN-3, mounted at two sites: in the center of Moscow and in the south-west of Moscow on the roof of 
the Physics faculty building of MSU are presented, the schemes for using this instrument for training are described. 

 

Key words: sodar, urban, education 

 

1. INTRODUCTION 

Ecological problems in big cities and methods for obtaining information about the complex urban environment are 
frequently considered in academic courses. These problems which have been dramatically increased in last decades are 
the subject of both biological and engineering specialties in universities. 

However, many newer sophisticated instruments and details of their operation are not considered in these curricula, so 
the theoretical principles, for example, of remote sensing are not supported by familiarization with experimental devices. 
The development and operation of modern instruments demand the highest background and understanding of physical 
principles of signal formation from medium under analysis. Therefore, for example, courses in atmospheric physics or 
meteorology should envisage practice with remote sensing devices. 

Sodar (acoustic locator) is the simplest among such devices. The operation of sodar is based on the sound wave 
scattering by small-scale turbulent irregularities of temperature. These irregularities are dragged by the air flow, and 
serve as the natural moving targets for Doppler measurements of wind velocity. Sodar measures vertical profiles of the 
wind speed and direction in the lower part of ABL. Besides, sodar demonstrates a mesoscale turbulence structure and 
allows to determine a number of parameters important for meteorology of pollution: a type of atmospheric stratification, 
height of a mixing layer, duration of surface and raised inversion layers, dispersion of vertical velocity. 

Experience in the operation of this instrument permits students to understand the complexity and limitations of remote 
sensing and to estimate its potentials (Coulter, Kallistratova, 1999). 

2. OUTLINES 

Sodar is convenient to use it in practical training of the students. Sodars are inexpensive, accessible and sensible. The 
student can watch, touch and hear sodar what is very important for the educational purposes. The audibility and 
visualization of signals both sent and scattered from local features provide easy understanding of sound scattering 
principles, concepts of output power, directional diagram, pulse length and range resolution. Moreover, simple 
dependence of sound scattering on an angle and turbulence intensity is an important factor. It can be explained not only 
theoretically, but also at a qualitative level. Differences between acoustic and electrical noise and their impact on signal 
quality can be transparently evident through a simple rotation of the sodar antenna. 

Due to relative sodar simplicity, student, as scientific work, may replace a type of speaker placed in the focus of the 
parabolic antenna, horn or even the reflector. The updating of program management of sodar, sounding frequency or 
Fourier analysis changes are also possible. The aim of this experimental task in a student's practical work for physicists 
is not only to extend knowledge in the field of atmospheric acoustics, but also in experience obtaining of modern 
technologies application for estimation of the real atmospheric boundary layer (ABL). The experience of sodar data 
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interpretation provides wide opportunities for better understanding of complexities, lacks and potential of remote 
sounding as a method. 

The modern achievements of different scientific areas are applied in sodar: the turbulence theory, theory of waves 
propagation in non-uniform medium, Doppler technique, methods of statistical processing of stochastic signals. 
Therefore the use of sodar in educational process will allow the students not only to master the new equipment, but also 
to fill up and to apply the knowledge in these areas. The relative simplicity of a sodar design and its electronics makes it 
convenient as an object for updating and improvement as scientific work of the students. The equipment of training on 
meteorology and atmosphere physics by sodar will allow to increase the background level of the students so necessary 
for modern high-technology atmosphere researches. 

On the other hand acoustic remote sensing is one of the best means for study of the urban canopy (Kallistratova, 
Coulter, 2004). The effects of roughness and heat island on atmospheric dynamics are particularly evident in large 
metropolitan areas. Atmospheric structure in complex urban terrain, particularly near the surface, is an arena of research 
where sodars continue to be especially valuable. The chemical composition of the atmosphere within urban regions 
depends critically on the volume and composition of air from surrounding environs that mixes into the urban environment. 
Sodars play an important role in defining the physical mixing parameters. Near surface measurements of air flow also are 
required to model air chemistry in urban areas.  

However, conditions in large cities are not always favorable for sodar operation, because the traffic noise disturbs the 
sodar echo-signal and restricts the height range of sounding. The influence of urban noise on the accuracy and the 
reliability of data over a day time and especially over rush hours requires careful study. However, the wind speed and 
turbulence monitoring in the urban boundary layer for ecological control cannot be replaced by theoretical models or 
special field measurements in suburb areas. 

3. EXPERIENCE 

Two identical sodars LATAN-3 are simultaneously used at two sites in Moscow (Russia). One of them is located at 
Physics Faculty of Moscow State University (an open highly elevated site) and the other is situated in the center of 
Moscow on the roof of the Institute of Atmospheric Physics (a place surrounded by street canyons). Occasionally 
observations are performed in a suburb area, about 50 km away from Moscow. 

At fig.1. LATAN-3 circuit and antennae in shields on the roof of the Physics Faculty are shown. The main building of MSU 
is seen in the background. 
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A continual uninterrupted sodar measurements were gained since July 2005. Statistic generalization of the 
acoustic sounding over Moscow, confirm the known basic particularities of a town canopy: mixing layer thickness 
and dispersion of vertical speed are enlarged, and horizontal speed is reduced in the downtown in comparison 
with the periphery. The vertical speed dispersion had a pronounced diurnal cycle, increasing by factor of 4-5 
under convection. On average, its magnitude in the downtown was 1.5 times larger than in the periphery.  

Profiles of the wind speed and the directions change strongly, both within day, and with synoptic situation change. 
And the sodar continual data show a strong variability of the difference of wind field between two Moscow sites, 
depending on atmospheric stratification. The comparison results suggest that sodar work surely and can be used 
for educational purposes.  

Fig. 2 demonstrate LATAN-3 echograms (top) and 30-min averaged profiles of wind speed (bottom) for two sites 
(IAP above MSU). X-axis – Moscow time in hours, Y-axis – height above the sodar antenna in meters. The 
blackening scale indicates the level of echo-signal in dB, which is an indicator of turbulence intensity. Profiles of 
speed are designated by dots with lines for the firm data, and by lines for less firm data. The latter corresponds to 
cases, when more than 75% results of measurements were rejected from processing because of a poor 
signal/noise ratio.  
 

 
 

Students, after the study of theory of acoustic sounding and physical principles of sodar work, enter the 
parameters necessary to evaluate the sound velocity and to compare the temporary delay with the height; 
observe on the oscilloscope screen a sequence of the switching and emitted pulses, comparing them with audible 
signal in a lab and registered scattered signal on a carrying frequency and after detecting; determine height, from 
which the signal is registered knowing sound velocity; estimate the influence of hard echo and level of external 
acoustic noise; changing duration of the sent pulse, estimate its influence on the signal power and spatial 
resolution. 

Then on the display they observe echogram for the past 24 hours and current echogram, and also current and 
average vertical profiles of scattering intensity, wind velocity and direction; by standard program print out 
echogram and the profiles of measured parameters with various averaging, calculate parameters dispersion, build 
the diurnal cycles of the parameters measured at the chosen heights; determine on echogram the disposition and 
duration of surface and raised inversions, comparing them with the wind profiles. It is possible to vary these 
actions. All received data of continuous sounding are kept on a disk that enables their statistical processing within 
a course and degree works execution. 

Fig. 3 show 30-min averaged echo-spectra at the different heights (40,100,200 and 300 m) . Signal (S) and noise 
(N) level are indicated in logarithmical scale. 
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4. CONCLUSION 

Last years of geophysics development demonstrate the increasing enthusiasm about numerical modeling to the 
detriment of real practice of measurements. Doppler sodar is the simplest, most cost-effective, and most sensitive 
tool, with high spatial resolution and low initial height. Student-geophysics receive unique chance of ABL research 
up to the heights, which are inaccessible with the meteorological masts. Our experience has shown that practice 
PC-based sodar can be made by postgraduate students on the basis of available acoustic and electronic 
components.  

Experience of sodar LATAN-3 operation is described in detail in (Yushkov et al, 2006). This work was supported 
by Russian Foundation for Basic Research (project nos. 05-05-64786, 04-05-64167).  
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Fig 1  Location of Chennai 

CHANGING URBAN STRUCTURE AND ITS IMPACT ON THE MICR O CLIMATE – 
(A CASE STUDY OF CHENNAI CITY) 

A. Lilly Rose*, M.D. Devadas** 
*Sathyabama Institute of Science and Technology, Chennai, India, **School of Architecture and Planning, 

Chennai, India. 
 
Abstract 
 
Rapid urbanization and population growth often changes the natural environment in the cities.  The natural 
environment are altered by the buildings that have cropped up in large numbers with the replacement of soft 
porous vegetation covered areas by hard non-porous surfaces such as concrete asphalt, etc., affecting the micro 
climate in cities particularly with regard to its thermal structure. Like other cities, Chennai, one of the four 
metropolitan cities in Southern India,   also experiences heat island effect, defined as an increase in urban air 
temperature as compared to surrounding suburban and rural temperatures.   This paper attempts to analyze the 
impact of changing urban structure on micro climate of Chennai city.   A detailed study of air temperatures from 
two observatories (city and suburban) over a period of 15 years (1988 – 2003) and their relation to urban structure 
was carried out.  Urban air temperatures at five locations in the city were compared to understand heat island 
intensity.  For healthier and comfortable living in cities, optimal urban parameters for mitigation have been 
discussed.                                                                                                                                                                                                                                                                                                
 
Key words:  Urban heat island, urban structure, urban micro climate. 
 
1. INTRODUCTION  
 
Rapid urbanization increases the frequency and magnitude of heat islands in cities.  An urban heat island is 
created when naturally vegetated surfaces are replaced with hard non-porous surfaces that absorb a high 
percentage of incoming solar radiation (Taha, 1997).  The main cause of this heat island effect is due to the faster 
rate of cooling of the open spaces around cities when compared with the nocturnal cooling of the densely built up 
urban areas.   The development of an urban heat island is time varying process involving the physical geography 
and built environment of a metropolitan region (Grimmond and Oke, 1999).  The intensity of the heat island 
depends on various factors such as, heat storage by buildings, pavements and street geometry, heat generated 
from industrial processes, transportation, air-conditioning and also as a result of reduced cooling   due to 
evaporation from vegetation.  Interactions between patterns of surface heating and regional meteorology 
determine the overall intensity of the heat island over space and time at each moment with greatest intensity on 
calm clear nights .    

 
Urban climate studies in the last decade indicate substantial 
microclimatic changes exist due to urbanization. The earliest 
UHI study in the tropical cities was conducted by Nieuwolt 
(1966) in Singapore. Some of the recent UHI studies include 
Nichol (1996) on remotely sensed surface temperature in 
Singapore,   Convective precipitation, specific humidity and air 
temperature in Mexico City (Jauregui et al. 1996, 1997), Net 
radiation, sensible and latent heat fluxes in Mexico City (Oke et 
al. 1999),  Air temperature and relative humidity in Colombo 
(Emmanuel, 2003).  Studies on formation of heat islands in 
Indian cities include   Philip, Daniel and Krishnamurthy (1974), 
Murthy (1979, 1999), Jayanthy (1988), Mohapatra and 
Vijayaraghavan (1997).  This paper aims to study the nature of 
heat island in the city of Chennai in South India.    
 
2. URBAN STRUCTURE OF CHENNAI   
 
Chennai-Madras, one of the four metropolitans of India, is the 
capital of the southeastern state of TamilNadu. It lies between 
12.9° and 13.9° of the northern latitude and betwee n 80.9° and 
80.19’’ of the eastern longitude. Chennai (formerly Madras) has 
the Bay of Bengal bordering its east, while the state of Andhra 
Pradesh is on its northwest, Kanchipuram district on its south  
 
*Correspondence to: A. Lilly Rose, Department of Architecture, Sathyabama 
Institute of Science and Technology, Sholinganallur, Chennai-600 119, India, 
Email: lilly_ini@yahoo.co.uk  
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and the states of Kerala and Karnataka on its western side. Being situated at the tropical zone, Chennai-Madras 
normally has a very hot and humid climate.  Chennai city in the recent past is witnessing rapid urbanization 
associated with land use changes affecting the local climate to a large extent.   
 

Chennai, fourth largest city in the Indian sub-continent 
extends to an area of 174 Sq. km of city limits 
surrounded by 400 Sq. Km of urban agglomeration 
(Fig.1).  The population in the urban agglomeration 
grew in much faster rate when compared to that of the 
city itself.  According to census of India 2001, the 
population of city limts is 43.43 lakhs and that of urban 
agglomeration is 31.34 lakhs. Fig 2  indicates clearly 
the growth of chennai city from and that of the 
agglomeration.   
 
The larger and denser the city, the greater is the heat 
island phenomenon.  It has been demonstrated that the 
combined effects of the individual heat pockets, as 
measured by the maximum difference between the 
urban center and the open country (dT), can be 
statistically related to the size of the population (P) of 
the city. The heat island decreases, however as the 
regional wind (U) is stronger. Thus Oke (1982) has 
derived the formula: 
                            dT = (P1/4)/(4*U)1/2  

Where: dT =, heat island intensity, P = population, U = 
regional wind speed (m/s).   Thus from Fig 2 it is clearly 
evident that the city as well as the urban agglomeration 
experiences heat island effect.   

 
3. IMPACT ON URBAN CLIMATE 
 
Urbanization leads to the changes in the urban structure which in turn affects the local climate. A study has been 
carried out to understand this phenomenon.  The historic trend in the climate of Chennai city is possible by the 

long term records from the two 
observatories Nungambakkam and 
Meenambakkam. Fig .1 shows the 
location of the two observatories in the 
city.   The characteristic of the 
Nungambakkam observatory is that of a 
city station and of the Meenambakkam 
observatory is of a suburban station.  The 
records reveal the existence of an UHI 
effect in the city as well as in the suburbs. 
 
3.1. Urban Air Temperatures 
 
Historic temperature trends in the two 
regions during a 15 year period starting 
from 1988 to 2003 are analyzed. Fig.3 
shows the daytime temperature trends.  A 
clear warming trend is seen in both the 
regions.  The records from 1951- 1980 
are that of typical climate and the trends 
in the 15 year period (1988 – 2003) 
shows the changes due to urbanization.  
The warming trends in the city station 
(Nungambakkam) show a steep 
increasing trend in the last three years.  It 
is evident from the Table.1 that the 
density in the city has increased 
attributing to this warming trend.  Fig.4 
shows the night time variation trends.  
The warming trends are visible in both 
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regions from 1997 which is a clear indicator of the urbanization trend. The warming trend in the suburban station 
is more when compared to that of the city station.  This is due to the fact that the percentage increase in 
population growth is higher in the suburbs when compared to that of the city (Fig.2).  
 
Thermal comfort trends measured in terms of a temperature humidity index during day and night time reveals a 
better picture on the human comfort condition in the two regions.    Fig.5 shows the comfort condition in the city is 
better than the suburban region.  This is mainly due to the shading effects of  buildings (Plumley, 1977).  The 
climate of both the region is beyond the limits of thermal comfort.  Even the lowest THI in both the city (30.2 ◦C) 
and the suburb (32.7 ◦C) is much above the lower limit of thermal discomfort  (26 ◦C).  Fig.6 shows the night time 
thermal comfort patterns where the presence of a UHI is clear.  The typical climate shows the city’s THI values 
are higher than that of the suburban.  But the recent trend shows higher THI in the suburbs when compared to 
that of the city.  This is mainly due to some measures of greening taking place in the city in the last three years 
and the urbanization in the suburbs is in the growing trend.  Here also the night time comfort limits in both the 
regions are well above the upper limit of thermal comfort. 
 
A study of thermal comfort condition in the city station has been carried out by comparing the typical climate 
(1951- 1980) and the recent climate (1997-2003).  Fig. 7 shows the comparison of typical and recent climate 
during day time.  The typical climate is assumed to depict the pre-urban condition and the recent climate depicts 
the climate change due to change in urban structure.  It is clear that even the typical climate was much above the 
lower limit of thermal discomfort condition except for two and a half months.  The recent climates during the 
hottest months (May and June) are much above the lower limit (33.6 ◦C as against 26◦C) leading to heat strokes 

and are uncomfortable with oppressive heat.  
Fig. 8 shows the comparison during night time 
from which it is clear that in the typical climate 
only four months (April to July) are above the 
upper limit of thermal comfort as against the 
recent climate where six months (April to 
September) are above the comfort limit. 
 
3.2. Urban Micro-climate 
 
Urban micro-climate in different location within 
in the city limit  depends on various factors 
such as the street geometry, density of built up 
space, thermal properties of buildings 
materials, percentage of vegetation cover, 
presence of water bodies, living standards etc,.  
Fig. 9 shows the thermal variations at five 
locations with in the city limits.  It is evident that 
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the diurnal variations in mount road (CBD), T Nagar (high density commercial), Velacherry (medium density 
residential) are smaller when compared to that of Inner ring road (Industrial characterized with lot of open spaces 
and vegetation) and Porur (low density residential in the suburb).   
 
4. STRATEGIES FOR MITIGATION 
 
Mitigation and reduction of impacts contributed by urban activities is a significant challenge to urban planners, 
designers, architects and the local industry especially in the context of population and urban growth and the 
associated urban infrastructure. By implementing the following measures it is possible to improve urban 
environment. 

• Manipulate street geometry - use of passive techniques in designs for heating and cooling thereby 
reducing the anthropogenic heat generated. 

• Increasing the vegetation cover - by providing more trees to provide shelter and shade. 
• Increase thermal reflectivity (albedo) of urban surfaces - increased use of light colored surfaces thereby 

reducing the absorption of  
• Reducing emissions by decongesting the roads 
 

5. CONCLUSIONS 
 
The above studies indicate that there is substantial increase in the urban air temperatures in the recent past in the 
city of Chennai. Increase in population, density, reduction in open spaces and green cover, increase in built up 
spaces, unfavorable street geometry contributes to the thermal discomfort in Chennai city leading to environment 
deterioration causing health problems.  Future studies on detailed street geometry would be efficient in arriving at 
urban design solutions that can reduce the negative impact of this UHI effect. 
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URBAN HEAT ISLAND IN LARGE AND SMALL CITIES 
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Abstract 
 
Urban Heat Island (UHI) is well recognized in large cities. However, research dealing with small cities are very 
rare. In the paper the results of the studies carried out in several cities in Poland, with various area and 
population, are discussed. It was found significant differences in UHI intensity caused by air mass. The influence 
of the size of the city on UHI was considerably lower then expected and reported in previous research. 
 
Key words:  urban heat island, air masses, urban climate, Poland 
 
 
1. INTRODUCTION  
 
Heat island is a typical feature of urban climate. The previous studies give quite good knowledge regarded large 
cities located at the lowlands (Blazejczyk 2002, Fortuniak 2003, Oke 1987). However, there is still few research 
dealing with small cities as well as in the cities of specific locations (e.g. seashore, mountain). The aim of the 
paper is to present the results of the studies carried out in several cities in Poland. The cities were located both, at 
the lowlands and in the sub-mountain area. They were also differentiated in the size (from the population of 4 500 
up to 1.5 million). The intensity of urban heat island  was also studied in relation to air masses.  
 
2. MATERIALS AND METHODS   
 
The cities studied were gathered into three groups depending on its area and the number of inhabitants: 

� great cities – Warsaw with the area of 517 km2, divided on Downtown with about 1mln inhabitants and 
Praga with about 500.000 inhabitants and Poznan with the area of 261 km2 and almost 600.000 
inhabitants  

� middle city - Bydgoszcz (134 km2 in area and population of 200.000)  
� small cities – Glucholazy (area of 7 km2 and population of 15.000) and Suprasl (6 km2 and 4500 

inhabitants) (Year book, 2004) 
 
Data from Warsaw, Poznan, and Glucholazy came from June (Warsaw 01-30 June 2001, Poznan 14-30 June 
2005, Glucholazy 14-26 June 2001). In Bydgoszcz the investigations were carried out from July 17th to September 
30th  2004. In Suprasl however, the measurements took place from June 27th to July 15th 1994. In majority of the 
sites air temperature was registered with the use of HOBO Pro miniloggers with 10 min. averaging. Only in 
Suprasl it was used standard meteorological minimal and maximal thermometers.  
 
The data of average, minimal and maximal air temperature were used to calculate Urban Heat Island intensity 
(defined as deviation of temperature at urban station in relation to reference station situated in the rural area). 
Observational data of air temperature were completed by information dealing with air masses covered the area of 
investigation. Air masses was specified on the base of surface synoptic charts of Europe from 00:00 UTC, 
published in Daily Meteorological Bulletin of IMGW. 
 
In Warsaw the reference station Borowa Gora represents rural area about 30 km north of the city. Downtown 
station was placed in the court in the centre of Warsaw. This point was surrounded by 20 meters high buildings 
and it was shaded in particular hours a day. Station Praga was located inside dense 2-3 floors building site, which 
is characteristic for the most part of Warsaw. It was exposed on the solar radiation almost all the day. The HOBO 
loggers were placed 1.5 meters above the ground (Blazejczyk 2002). 
 
In Poznan reference stations Lawica was situated in an airport. Second station was placed in the centre of the 
city, on the roof of University Hospital 1.5 meters above special wooden platform. 
 
In Bydgoszcz reference station Myslecinek was placed about 10 km away from the centre of the city in the rural 
area. The urban station was in the centre on the roof of two-floor building of Bydgoszcz University, 1.5 m above 
the roof (Metel, 2004, Rekowski, 2004). 
 
In Glucholazy the reference station was located 2 km from the city centre in the garden plots. Urban station was 
situated in the centre of the city, close to the market square, among dense, high building. The loggers were 
placed 1.5 meters over the ground  surface (Blazejczyk, Kuchcik, ed., 2003). 
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In Suprasl the reference station was situated in the open air area 2 km from the city centre on the slightly inclined 
to south slope. Urban station was located in the small court. The point was obstructed by buildings and trees from 
east, south and west and was shaded till 7:30 a.m. and from 5:30 p.m. (Kozlowska-Szczesna et al, 1995). 
 
The intensity of urban heat island in specific air masses was studied in Warsaw from June to December 2001. In 
this purpose the average deviations of minimal air temperature in air masses were calculated. The following air 
masses were define: arctic air (A), polar-continental air (PC), polar-maritime air (PM), polar-maritime transformed 
air (PMt) and subtropical air (S). 
 
 
3. RESULTS 
 
3.1. General features of UHI 
 
When analysing deviations of average (dt avg), maximum (dt max) and minimum (dt min) daily temperatures 
observed in cities of different size in relations to suburban area several peculiarities were found. Positive values of 
deviations indicate the warming effect of urban structure in the analysed places (Fig. 1). 
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Fig. 1 Average deviations (dt) of mean daily (dt avg), minimal (dt min) and maximal (dt max) air temperature in the 
studied cities from air temperature observed in rural area. 
 

The higher minimal air temperature in the city in comparison to rural area confirms the occurrence of urban heat 
island. The biggest dt min values were observed in Warsaw Downtown (3.3°C). The measuring stand in 
Downtown is surrounded by high buildings typical for city centres. In Praga, a district of Warsaw with low 
buildings, dt min values are about 2.1°C. In the ce ntre of Poznan dt min is smaller than in the centre of Warsaw 
and they amount 2.5°C. In the central part of Bydgos zcz and Suprasl dt min is 1.2 and 0.8°C, respectivel y. 
Relatively intensive UHI was observed in small city Glucholazy. The deviation of minimal temperature in each city 
indicates a clear influence of the city size on the intensity of urban heat island (Fig. 2). However the differences 
observed within the same city (Warsaw) are due to the type of buildings. 
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Fig. 2. Deviation of minimum air temperature in the city in relation to rural area (dt min) as a function of population 
of the city (left panel) and its area (right panel).  
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The deviations of maximum and average daily temperature shows also that UHI occur not only at night but also  
during daytime hours. However, the relationship between the size of the city and daytime UHI is weakest then for 
night UHI. In general maximum temperature depends mainly on the exposure of a measuring stand. The stand in 
Warsaw Downtown where dt max amounts to only 0.1°C is shaded by buildings during midday and air is there 
heated similarly like in the rural area. Only in very small city (Suprasl) UHI is not observed during the day (Fig. 1). 
 

It is also interested to compare the daily course of air temperature in the city and its suburbs. On the example 
from Warsaw (averaged values for June 2001) is well seen the dynamic of UHI. The heat surplus in the downtown 
is observed starting from about 7 p.m. (an hour before the sunset) and is lasting till 7 a.m. (three hours after the 
sunrise). In before noon air temperature in the city is lower then in rural area because of shading the surface. 
However, in the afternoon great insolation of the stand provoke daytime UHI (Fig. 3).  
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Fig. 3. Daily course of air temperature in the rural area (Borowa Gora) and in Warsaw Downtown, data averaged 
for 01-30 June 2001. 
 
 
3.2. Air masses and UHI 
 
The occurrence of the urban heat island has also been examined in relation to air-masses. The differences 
between dt min in various air-masses are not too big. In the Warsaw Downtown the most intensive UHI occurs at 
polar maritime transformed and polar continental air masses. Significantly low dt min values are characteristic for 
polar-maritime and arctic air-masses. However, in Praga, the separate part of Warsaw, the differences in dt min 
are insignificant (Fig. 4). 
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Fig. 4. Mean deviation of minimal air temperature (dt min) at Warsaw Downtown and Praga from temperature 
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4. CONCLUSIONS 
 
Urban heat island is a typical feature of urban climate. UHI was observed in all studied cities, also in the small 
ones. In large cities UHI occurs not only at the night hours but also during the daytime. However, daytime UHI 
intensity depends on the insolation of the specific site. 
 
Urban heat island depends also on the size of the city. UHI can be estimated as a function of a population of the 
city and/or as a function of the city area. 
 
Intensity of urban heat island is influenced by air mass that cover the investigated area. The highest dt min values 
are noted at polar continental and polar maritime transformed air masses. However, advection of fresh polar 
maritime air results in reduction of UHI. 
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Abstract 
 
The model described in this paper is based on four energy balance equations at ground level and at building 
level, and was developed to simulate and describe the urban climate and the Urban Heat Island (UHI) 
phenomenon. The urban setting was modeled as made of parallelepiped buildings, spaced out by street canyons. 
Thermal and radiative characteristics of urban and rural surfaces as well as atmospheric parameters related to 
the general synoptic conditions were used as data input. The model was applied to Rome (Italy) in two radiative 
summer and winter episodes of the year 1999. The analysis of modeled isothermals at ground shows that the UHI 
is a nocturnal phenomenon (characterized by two cores, divided by the parks at north and south of the city 
centre), present both in winter (the greatest difference between urban and rural temperatures is about 2°C) and 
summer (the temperature difference is about 5°C), m ainly resulting from the urban geometry and the heat storage 
in buildings. 
 
Key words:  energy balance, heat island, heat storage 
 
 
1. INTRODUCTION  
 
In synoptic conditions characterized by high pressure and subsidence, it appear a specific urban microclimate, 
that has an influence on air quality. Rome is one of the largest towns in southern Europe, and the influence of 
urbanization and of human and industrial activities, as well as in other cities, have brought about higher 
temperatures there than in the surrounding rural areas. This phenomenon called “Urban Heat Island” (UHI) is due 
to the high efficiency of urban canopy in trapping radiation and storing heat. A urban canopy layer model was 
used to study the thermal anomalies between Rome centre and its surroundings (Bonacquisti et al.,2006). To 
study the behavior of the UHI in Rome, maps of the temperature differences between the city centre and the 
surrounding rural areas were presented.  
 
2. THE URBAN HEAT STORAGE MODEL   
 
The urban surface energy budget is expressed as (Oke, 1987)  

ASEHF QQQQQQ ∆+∆++=+∗
 (1) 

where Q* is the net all-wave radiation, QF  the anthropogenic heat release, QH e QE the sensible and latent heat 
fluxes respectively, ∆QS the net storage flux and ∆QA the net horizontal heat advection (mainly due by the 
horizontal transport by wind, and thus negligible under synoptic weather conditions favorable to the development 
of the UHI, hence in presence of light wind).  

 
Fig. 1 -  Simulation scheme. 

 
The model described involves three sections (Fig.1): atmosphere (at level z2), buildings (al level z1), and ground. 
To link the four unknown variables Tc (skin temperature of buildings), T0 (skin temperature of soil), T1 and q1 
(temperature and specific humidity in the canopy-layer air), it is necessary a system of four independent 
equations, representing the energy balances at the surface of buildings (Eq. (2)), the energy balance at ground 
level (Eq. (3)), and the sensible heat fluxes (Eq. (4)) and latent heat fluxes (Eq. (5)) at level z1 (note that QEc is 
absent owed to the hypothesis of dry building surfaces): 

HcScFcc QQQQ +∆=+*
 (2) 

EgHgSgFgg QQQQQ ++∆=+*
 (3) 
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HcHgHa QQQ +=  (4) 

EgEa QQ =  (5) 

where a, c and g represent air level, building surfaces and ground, respectively. 
 
2.1. Radiative budget and heat fluxes 
 
The net all-wave radiation Q* represents the budget of short-wave and long-wave on the urban surfaces 

∗∗∗ += gc QQQ  (6) 

↑↓↑↓∗ −+−= iiiii LLKKQ  (7) 

where i represents g (ground) and c (buildings), K and L the short and long-wave respectively and ↓↑  are for 
downward and upward radiations. The terms in the radiative budget are evaluated in function of the urban canyon 
geometry, i.e. in function of the shape factors of buildings and view factors of soil and walls, everyone function of 
the mean dimensions of buildings and urban density (0<σc<1). 

According to electric analogy (Oke, 1987), the sensible heat fluxes of the canopy (QHc), soil (QHg) and air 
(QHa), as well the latent fluxes of soil (QEg) and air (QEa) are derived from the electric scheme in Fig.1 and thus 

( )
ij

jip
H r

TTc
Q

−
=

 ρ
 (8) 

( )
ij

ji
E r

qq
Q

−
=

λρ
 (9) 

where ρ is the air density, cp the specific heat of moist air, λ the latent heat of vaporization, qi the specific humidity 
at level i and r the aerodynamic resistances. The expression of aerodynamic resistances can be found in Ji and 
Hu (1989) and in Lin and Sun (1986). These are evaluated as functions of drag coefficients of soil and canopy 
and of wind speed in the canopy air space (Louis et al., 1981; Andrè, 1985). The decrease of wind speed in the 
canopy layer within the urban canyons was evaluated as function of the urban density, drag coefficients and wind 
speed at level z2. Soil humidity was determined as function of soil moisture potential on the basis of an urban-
suburban-rural classification. 

Anthropogenic heat was parameterized by means of a relation that take into account the heat released 
by buildings (from electricity consumption and from heating fuels such as natural gas and fuel oil), by 
transportation (vehicles consumption) and by human metabolism, and functions of urban density characterising 
the town (Sailor and Lu, 2004). 
 
2.2. Heat storage flux 
 
The heat storage plays an important role in the interpretation and the genesis of the urban heat island. In this 
work the storage heat flux, ∆QS was estimated by using the Objective Hysteresis Model proposed by Grimmond 
et al. (1991) and Arnfield and Grimmond (1998) instead of a simple linear model. The hysteresis was modelled 
considering the net all-wave radiation and its hourly time change 

( ) 3
*

2
*

1 / atQaQaQS +∂∂+=∆  (10) 
where the coefficients a1, a2 and a3 are related to the surface type (Grimmond et al.,1991). 
 
2.3. Input and Output 
 
Data input can be divided into two categories: (a) parameters characterizing the urban setting properties and (b) 
atmospheric quantities related to the general synoptic situation. The area of interest was segmented into several 
zones each characterized by input of type (a), urban density, albedo, soil and building emissivity and their thermal 
properties. Input of type (b) are related to general atmospheric conditions at the reference height z2 such as 
cloudiness, temperature, relative humidity, atmospheric pressure and wind speed. These data were measured at 
meteorological stations or obtained by atmospheric soundings. As output, the model provides the four unknown 
variables mentioned above and a map of the heat island. 
 
3. APPLICATION OF THE UHSM TO ROME 
 
Rome (41° 50 ′ N, 12° 30 ′ E, 50 m a.s.l) is located in central Italy, about 30 km east of the sea. The area of 
investigation was segmented in 23 different zones of homogeneous urban density (σc) ranging from 0.70 (densely 
built-up area in the city centre with very narrow streets) to 0.05 (park or rural area). These values were obtained 
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from photos taken from the air. Physical properties of materials were evaluated according to Oke (1987) and 
Sailor (1995). Meteorological data input of the urban site were provided at hourly intervals by the meteorological 
station on the top of the Calandrelli tower about 15 m above the urban canopy, building roofs (Ufficio Centrale di 
Ecologia Agraria, UCEA located in the city centre), while atmospheric data of the upper layers were derived from 
the sounding of the Italian Meteorological Service in the suburban coastal area a few kilometres south-west of the 
town centre.  
 
3.1. Summer episode: July 21,1999 
 
The model was applied to Rome in a summer day, 21/07/1999, characterized by cloudless and light wind. Fig.2 
shows the diurnal variation of the energetic budget in a urban site (city centre) and in a rural site (large park). The 
net radiation reaches its maximum of 678 W/m2 in the city center with about 20 W/m2 of anthropogenic release. In 
the rural site Q* reaches 585 W/m2. QE curve, is constantly below 20 W/m2 in the urban centre due to the absence 
of large green areas, while in the rural site obviously it is dominant in order of importance after Q*. The 
contribution of QE in the rural site accounts for about 70% of Q* input during the day while during the night it is 
about zero. 

 
Fig. 2 - Energy budget components on July 21, 1999 (a) in the urban site and (b) in the rural site. 

 
Fig.3a shows the spatial distribution of the heat island at 03AM local time when the temperature difference 
between the city centre and the rural site reaches its maximum value of 4.9°C. We can note the presenc e of two 
distinct higher temperature cells separated by cooler spots corresponding to major parks. At 01PM local time the 
UHI is absent (Fig.3b). 

 
Fig. 3 - Maps of the UHI (isotherms in °C) in the s ummer episode at (a) 03AM 

and at (b) 01PM. A is for the urban site, and B for  the rural site. 
 
3.2. Winter episode: December 7, 1999 
 
The model was applied to a winter day with radiative features, 07/12/1999. The net radiation reaches 231 W/m2 
(with about 100 W/m2 of anthropogenic heat). Fig.4 shows the energetic budget at hourly intervals. In Fig.5 the 
spatial distribution of the UHI is reported at 03AM and 01PM local time. 
 

 
Fig. 4 - Energy budget components on Decembre 7, 19 99 (a) in the urban site and (b) in the rural site.  
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Fig. 5 - Maps of the UHI (isotherms in °C) in the w inter episode at (a) 03AM 

and at (b) 01PM. A is for the urban site, and B for  the rural site. 
 
3.3. Monthly behavior of the heat island 
 
The monthly behavior of the nocturnal UHI intensity of Rome during the year 1999 is reported in Fig.6, by 
choosing typical days that are representative of favorable meteorological conditions of the phenomenon. The 
maximum value is observed in August, while the minimum in November, December and January. Although the 
intensities of the UHI vary during the year, the structure of the two isothermal cells remains the same. 

 
Fig. 6 - Monthly nocturnal behavior of UHI in 1999.  

 
4. CONCLUSIONS 
 
The application of an updated urban heat storage model (the UHSM model) to Rome in radiative scenarios has 
been presented. Special attention was paid to modelling the geometry of buildings and the heat storage of 
different materials. Computed temperatures for a summer and a winter day were reported as maps of the urban 
heat island. Applying the model to different days during the year 1999 shows that the urban heat island is a 
phenomenon that occurs mainly during the night. Furthermore maps of isothermals show that stronger intensities 
are observed during the summer days and that Rome UHI is characterized by two distinct higher temperature 
cells separated by cooler spots corresponding to major parks.  
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BIOCLIMATIC PERFORMANCE OF SEVERAL SITES WHICH DIFFER ON THEIR 
GREEN COVERAGE IN ATHENS, GREECE. 
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Abstract 
 
The application of Bioclimatological indices is very useful for the evaluation of outdoor thermal comfort in various 
configurations of space/landscape. It has been observed that this configuration can improve the human thermal 
sensation. Six configured sites in Agricultural University of Athens Campus (AUA) that were studied in this 
publication differ on the percentage and the type of green coverage and on the Sky View Factor (SVF) value. The 
widely known indices, Humidex and PET (Physiological Equivalent Temperature), were applied to evaluate the 
bioclimatic performance of those sites. 
 
Key words: Human thermal comfort, landscape configuration, bioclimatic indices 

1.INTRODUCTION 

 
Nowadays, citizen has the technological possibility of regulating the thermal comfort in indoor spaces. During his 
living however he spends a lot of time in outdoor spaces. It has been observed that certain characteristics of 
outdoor spaces, as the existence of obstacles and the vegetation, affect considerably the configuration of thermal 
comfort (Streiling and Matzarakis, 2003; Picot, 2004; Charalampopoulos and Chronopoulou – Sereli, 2005). The 
urban planners need more information related to the bioclimatic performance of outdoor configurations.  
This study aims to investigate the bioclimatic performance of several outdoor sites during a summer month of 
2003. In order to demonstrate the thermal comfort as it’s formed, a classic thermohigrometrical index (Humidex) 
and a modern and more sophisticated index (PET) were used.  

2. STUDY AREA AND METHODS 

 
2.1 Study area 
 
The campus of AUA is located in the western part of Athens metropolitan area, 30 m above sea level. The total 
campus area is almost 34 ha and is composed by gardens, tree clusters, experimental arboretum, experimental 
field and the appropriate buildings for research and teaching. For the purposes of this study six sites in AUA 
campus were selected. Those sites differ on their configuration according to their green coverage, existence of 
buildings and Sky View Factor (SVF) value. Those six sites are described as following:  
Site 1 (s1) is in the area of AUA meteorological station. This area is free of buildings, trees or other type of 
vegetation. The SVF of s1 is calculated as 0.84. Additional, s1 is used as reference site for the following 
bioclimatic comparisons. Site 2 (s2) is in an open atrium (non glass roof). The SVF of this site is calculated as 
0.35. Site 3 (s3) is in a densely vegetated garden with high trees and lawn. At this site, SVF is calculated as 0.20. 
Site 4 (s4) is a garden with trees and parts of lawn and its SVF is calculated as 0.54. Site 5 (s5) is in the 
experimental arboretum and the major obstacles are medium height trees. The SVF of s5 is calculated as 0.68. 
Finally, site 6 (s6) is in the experimental field, an open area sparsely covered with cereals. The absence of trees 
and buildings forms the SVF value as 0.8. 
In order to make more comprehensive the differences among those sites, a classification related to their attributes 
as tree coverage, lawn coverage and SVF, was used. The tables 1 and 2 illustrate this classification and the class 
that each of the six sites belongs.  
 
Table 1. Classification of sites’ attributes 

Tree coverage 
(%) 

Lawn coverage 
(%) SVF Class 

0 – 10 0 – 10 0.81-1.00 0 
11 - 20 11 – 20 0.61-0.80 1 
21 – 30 21 – 30 0.41-0.60 2 
31 – 40 31 – 40 0.21-0.40 3 

41 ≤ 41 ≤ 0.00-0.20 4 

                                                 
*Corresponding author address: Ioannis Charalampopoulos, Lab. of General and Agricultural Meteorology, 
Agricultural University of Athens, Iera Odos 75, 11855 Athens, Greece; e-mail: iharalamp@aua.gr 
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2.2 Parameters and methods 
 
At the reference site (s1) there is a fully equipped automatic meteorological station that records 30 parameters 
(radiation, temperature, humidity and wind direction - speed data etc). At each one of the other five sites (s2, s3, 
s4, s5, s6) a data logger at the height of 1.7m was mounted. Those data loggers were recording air temperature 
(0C) and relative humidity (%), simultaneously, every 2 minutes (those data were converted to 10-minutes 
average). The recording phase lasted a month, starting on the first of July 2003. Additional, at each measurement 
site, fish – eye photographs were taken. This type of photography is necessary for the SVF calculations.  
The observation period was a calm, clear (undistributed sunshine) summer month (July 2003). The following table 
(Table 3) illustrates some statistics of the major meteorological parameters during the observation period as they 
were recorded in the study area. According to those statistics it is assumed that every day of this period the 
meteorological conditions were similar. 
 

Table 3. Meteorological conditions during July 2003 
Parameter Mean Minimum Maximum Std. Dev 

Rainfall (mm) 0.0 0.0 0.0 0.0 
Wind speed (ms-1) 1.5 0.01 4.9 1.0 

Air Temp. (0C) 28.5 19.2 38.4 3.6 
RH (%) 45.2 13.1 96.1 14.4 

Barometric press. (hPa) 1008.2 999.6 1013.1 2.5 
 
The indices applied to evaluate the bioclimatic performance of the sites’ configuration were: 1) PET is one of the 
most popular and useful bioclimatic indices, because it has a widely known unit (0C), which makes results easy 
understandable and comprehensive for urban planners and decision makers. PET is defined as the air 
temperature at which the human energy balance for the assumed indoor conditions is balanced by the same skin 
temperature and sweat rate as the calculated for the actual outdoor conditions (Mayer and Matzarakis, 1997). 
This index’s calculations were performed with RayMan 1.2 model, widely used software for this type of studies. 
The meteorological data that were used for the calculation of PET, air temperature (0C), relative humidity (%), 
SVF, and cloud coverage. This model requires subject’s personal data. So, for this study the subject was the 
‘typical European male’ (35 years old, 1.75 m tall and 75 Kg weight). His clothing index determined as 0.9 clo and 
his heat production (metabolic heat) determined as 80 W. 2) Humidex is an index utilizing air temperature and 
vapor pressure to characterize warm and hot environment. This index is defined as the temperature of relatively 
dry air (vapor pressure less than 10 hPa), which has the equivalent effect on human comfort as the air with an 
actual measured or forecast temperature (Tuller, 1997). The Humidex calculation formula is H = Ta+((5/9)(e-10), 
where H is Humidex (0C), Ta is air temperature (0C) and e is vapor pressure (hPa). 

3. RESULTS 

 
The results of Humidex calculations for each measurement site are illustrated briefly in Table 4. The mean values 
recorded at the six sites belongs in class ‘caution – some discomfort (30<H<40)’ according to the Humidex 
classification. The minimum value was recorded at s3 (the most vegetated site, with high trees and lawn) and the 
maximum one was recorded at s2 (no existence of vegetation, inside the open atrium). 
 

Table 4 & 5. The basic statistics of Humidex and PET indices at every measurement site. 
 

Table 4 Humidex (0C) 
 Mean Min Max Range S.Dev. 

s1 32.94 20.78 46.09 25.31 5.21 
s2 33.40 22.79 46.51 23.72 4.90 
s3 31.63 20.00 46.04 26.04 4.47 
s4 31.72 18.94 45.18 26.24 5.34 
s5 32.67 18.14 47.39 29.25 6.03 
s6 33.01 20.54 47.14 26.60 5.65 

 
 
The results of PET index as they were calculated via RayMan 1.2 model, are illustrated briefly in the Table 5. 
According to the PET classification (Matzarakis et. al., 1999) the mean value at every site belongs in class ‘warm 

Table 2. Selected sites’ classification 

Site Tree 
Coverage  

Lawn 
Coverage SVF 

s1 0 0 0 
s2 0 0 3 
s3 4 4 4 
s4 4 3 2 
s5 2 0 1 
s6 0 2 1 

Table 5 PET (0C) 
 Mean Min Max Range S.Dev. 

s1 32.13 12.70 56.20 43.50 11.94 
s2 32.56 17.50 55.30 37.80 10.20 
s3 29.67 14.70 54.00 39.30 8.60 
s4 29.70 12.00 52.20 40.20 10.49 
s5 31.64 11.30 56.30 45.00 12.05 
s6 32.08 13.20 55.70 42.50 11.96 
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– moderate heat stress (29<PET<35)’. The minimum value was recorded at s3 and the maximum one was 
recorded at s2. 
 
In order to evaluate the bioclimatic performance of each site’s configuration, simultaneous differences between 
the reference site (s1) and each one of the other sites were calculated. The Humidex differences are represented 
as Hs1-s2…s6 and PET differences as Ps1-s2…s6 respectively. This method makes more comprehensive the influence 
of the configuration on human thermal comfort, because s1 is a site near the five others and it is free of vegetation 
or other obstacles. So, the positive values illustrated in the following figures, indicate better thermal conditions in 
each the selected site (s2…s6) in regard to reference site (s1), as a function of site’s configuration. The mean 
daily pattern of Humidex and PET is illustrated in the following Figures 1&2. 
 
According to Figure 1, the daily pattern of Humidex difference Hs1-s5 and Hs1-s6 indicate insignificant bioclimatic 
performance of s5 and s6 configuration. Those two patterns oscillate near zeros almost during 24-hours. On the 
other hand the daily pattern of Humidex difference Hs1-s3 and Hs1-s4 indicate significant bioclimatic performance of 
s3 and s4 configuration. Those sites reveal improved thermal conditions between sunrise and noon. The 
bioclimatic performance of those sites is getting decreased at noon because the major radiation is the direct one 
at those sites (s1, s3, s4). In the evening, during the sunset the values of Hs1-s3 and Hs1-s4 rise again. The daily 
pattern of Hs1-s2 is similar to Hs1-s3. The only difference between them is that Hs1-s2 at nighttime records negative 
values, which means that at night, thermal comfort at reference site (s1) is improved related to the thermal 
comfort at s2. The maximum positive difference (bioclimatic performance) was recorded at Hs1-s4 and reaches 4 
degrees, when the maximum negative difference reaches minus 2 degrees and it was recorded at Hs1-s2. 
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Figure 1. Mean daily Humidex patterns        Figure 2. Mean daily PET patterns 

 
The daily patterns of PET differences (Figure 2), look similar to Humidex differences. At first sight, the PET 
differences record higher values in regard to Humidex differences. Ps1-s5 and Ps1-s6, according to Figure 2, 
illustrate insignificant bioclimatic performance. Those two patterns oscillate (as Hs1-s5 and Hs1-s6) near zero at 
daytime. This means that the configuration of s5 and s6 can’t improve the thermal comfort. On the other hand, the 
daily pattern of PET difference Ps1-s3 and Ps1-s4 indicate significant bioclimatic performance of s3 and s4 
configuration. At Ps1-s3 it was recorded the maximum positive difference (bioclimatic performance), on the order of 
11 degrees, when the maximum negative difference of minus 4 degrees was recorded at Ps1-s2.   
 
Comparing the daily patterns of Humidex and PET differences, it’s obvious that their shape is similar. Taking a 
closer look at Figures 1&2 patterns, it’s clear that PET patterns are more ‘rough’ than the corresponding Humidex 
patterns. This occurs due to the fact that PET index is calculated taking radiation into account when Humidex is a 
typical thermohygrometrical index. So, every instant alteration of the radiation modify PET pattern, forming its 
shape more ‘rough’.  
 

4. CONCLUSION 

 
According to the results we can assume that: 

• The most important factor that affects thermal comfort at the studied sites is the existence of the 
obstacles. At daytime, sites having low SVF (s2, s3, s4) values perform better bioclimatic conditions. 
This is a function of radiation alterations during sun daily route.  

• In reverse, during nighttime open sites having higher SVF (s1, s5, s6) perform better bioclimatic 
conditions. Obviously at those sites night cooling is more effective than at more obscured sites. 

• The type of the materials that enclose the site have important role on the thermal comfort. Striking 
example of this statement is the mean daily patterns of indices’ differences at s2 and s3.  

• The existence of every type of green coverage improves the bioclimatic performance at every studied 
site. 
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URBAN HEAT ISLAND ANALYSIS USING MODIS MEASUREMENTS  
FOR CENTRAL EUROPEAN LARGE CITIES  

Zsuzsanna Dezsı, Judit Bartholy, Rita Pongrácz 
Eötvös Loránd University, Budapest, Hungary 

 
 
Abstract 
 
According to the United Nations’ estimations about half of the world population live in urban areas by the end of 
the second millenium, and the ratio will tend to increase. In order to find potential mitigation strategies that 
facilitate the urban population to adapt to new environmental conditions, urban heat islands and other 
climatological impacts of urbanization must be investigated. In this paper, remote measurements of sensor 
MODIS (Moderate Resolution Imaging Spectroradiometer) on satellite Terra, launched by NASA in 1999, are 
used to analyze daytime and nighttime surface temperature of large cities in the Central European region. 
 
Key words: Urban heat island effect, Surface temperature, Satellite Terra, Sensor MODIS 
 
 
1. INTRODUCTION  
 
Human settlements and especially, large urban areas significantly modify the environment. Atmospheric 
composition near urban agglomerations is highly affected mainly due to industrial activity and road traffic. Urban 
smog events are unfortunate common characteristics of large, very populated cities (Sokhi, 1998). Furthermore, 
artificial covers (i.e., concrete, asphalt) considerably modifies the energy budget of urban regions, and thus, local 
climatic conditions. One of the most often analyzed phenomena related to cities is the urban heat island (UHI) 
effect (e.g., Sundborg, 1950; Oke, 1982). Besides several detailed studies of UHI using ground based 
measurements (Unger et al., 2001), a more effective tool became available with the use of satellite imagery 
detected by different sensors on board. The early studies evaluated coarse resolution (7-8 km per pixel) satellite 
data (Rao, 1972), and they used very simple methods to calculate surface temperature from the spectral 
observations (Carlson et al., 1977; Price, 1979). These investigations in the 1970s and 1980s concluded that 
satellite measurements can be applied to detect the UHI effect in case of clear conditions (Matson et al., 1978). 
Traditionally, UHI analysis (Oke, 1973) uses air temperature data observed at standard height (1.5-2 m above the 
ground), while satellite images provide thermal information at ground-level. On the base of observed air 
temperature data, the maximum UHI intensity occurs a few hours after sunset, while the most intense UHI can be 
detected during day-time when remotely sensed data are used (Roth et al., 1989). 
 
In this paper, UHI effects of large cities located in Central Europe (i.e., Beograd, Bucuresti, Budapest, Milan, 
Munich, Prague, Sofia, Vienna, Warsawa, Zagreb) are analyzed and compared based on remotely sensed 
thermal information using 1-km spatial resolution. Section 2 presents the satellite-based time series and the 
methodology used in the analysis. Then, the results are discussed in section 3. 
 
2. DATA AND METHODOLOGY  
 
As part of the Earth Observing System Program of the American National Aeronautics and Space Administration 
(NASA) satellite Terra was launched to a polar orbit at 705 km height in December 1999. Main goal of remote 
measurements of this mission is to improve our understanding of global dynamics and processes occurring on the 
land, in the oceans, the cryosphere, and in the lower atmosphere (NASA, 1999). The first observations started in 
February 2000 and regular validated measurements are available from July 2000. The numerous climatic and 
environmental parameters are accessible via Internet at the Earth Observing System Data Gateway. 
Measurements of sensor MODIS (Moderate Resolution Imaging Spectroradiometer), one of the five instruments 
on board satellite Terra, are analyzed in this paper. MODIS measures biological and physical processes on the 
land and the ocean using a cross-track scanning multi-spectral radiometer (Barnes et al., 1998) with 36 
electromagnetic spectral bands from visible (250 m per pixel) to (1 km per pixel).  
 
Surface temperature is strongly related to surface energy budget, especially, to latent and sensible heat flux. In 
order to determine the day-time and night-time surface temperature in case of clear weather, seven spectral 
thermal infrared bands are used: 3660-3840 nm (channel 20), 3929-3989 nm (channel 22), 4020-4080 nm 
(channel 23), 8400-8700 nm (channel 29), 10780-11280 nm (channel 31), 11770-12270 nm (channel 32), and 
13185-13485 nm (channel 33). The so-called Day/Night MODIS LST (Land Surface Temperature) Method 
developed by Wan and Snyder (1999), is able to determine surface temperature and emissivity without 
preliminary knowing air temperature and water vapor profiles (Strahler et al., 1999). 
 
In order to separate urban and rural pixels, the MODIS Land Cover Product (LCP) are used, which is based on a 
1-km gridded database composited from different  MODIS products (i.e., land/water mask, albedo, spatial texture, 
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directional reflectance, enhanced vegetation index, snow cover, land surface temperature, and terrain elevation). 
The LCP recognizes 17 categories of land cover following the International Geosphere-Biosphere Program 
scheme (Belward et al., 1999). Land cover classes are produced by processing the 32-day database using 
decision tree and artificial neural network classification algorithms to assign land cover classes based on training 
data (Strahler et al., 1999). Furthermore, since the topography significantly affects UHI, hilly regions have to be 
eliminated. To this process, the GTOPO30 global digital elevation model (DEM) is used. This global data set was 
developed by the U.S. Geological Survey’s (USGS) Earth Resources Observation System Data Center (USGS, 
1996) with 30-arc seconds (approx. 1 km) horizontal grid spacing.  
 
In the present analysis nine large cities from Central Europe with more than 1 million inhabitants (Brinkhoff, 2004) 
are selected. Pixel representations of these selected urban agglomerations (including their rural environment) are 
determined from a satellite image tile containing 1200×1200 pixels using sinusoid projection. Based on the spatial 
extension of the selected Central European cities, each urban agglomeration is represented by 50×50 pixels from 
the entire satellite image. The representative areas are divided into urban and rural pixels in case of each city. An 
example for Munich (located 48.15°N, 11.58°E in Germ any) is presented in Figure 1. First, the MODIS LCP is 
applied to separate urban built-up and rural surrounding areas (left panel). Urban part of the total area is defined 
within the 15-km radius circle around the city center. Rural pixels may be found within a 15-25-km radius ring 
around the city center. Furthermore, hilly regions are eliminated using the global DEM (center panel) when 
calculating the UHI intensity. Urban and rural pixels are within the ±50 m and ±100 m range of the city mean 
elevation value, respectively. The finally separated areas are demonstrated in the right panel of Figure 1 in case 
of Munich. Spatial averages of observed values converted to urban and rural surface temperature, UHI effects are 
analyzed for the selected large cities located in different regions of Central Europe.  
 

 
Figure 1. The MODIS digital land-cover product (left) and the global digital elevation model (right) covering the 

Munich agglomeration area (50×50 km2) used to separate urban and rural pixels (right). 
 
3. RESULTS AND DISCUSSION  
 
In this section spatial structures of the UHI of several large cities located in Central Europe depending on seasons 
are analyzed and compared. Annual mean night-time UHI intensity is around 2-3°C. Basically, more populat ed 
cities exhibit more intense heat island. Orographical modification, distribution of land cover types of rural 
surroundings (i.e., portions of cropland, grassland, and forest), and urban air quality disturb this relationship. 
Analyzing the 5-year-long time series of satellite-based observations (between 2001 and 2005), our results 
suggest that the annual variation of monthly mean UHI intensity is larger in day-time than in night-time (Dezsı et 
al., 2005). The most intense UHI effect occurs on summer days when monthly mean UHI is around 4-6°C. D irect 
solar radiation and thermal inertia can be considered as possible reasons. UHI intensity is larger in night-time 
than in day-time in the spring and autumn months, which is in contrast with the summer UHI intensities (Pongrácz 
et al., 2005). This considerable difference can be explained partly by shorter day-time lengths in these equinox 
seasons than in summer, and partly by the relatively high values of air humidity and often occurring cloudy 
weather.  
 
Spatial structures of monthly mean UHI intensity of the nine selected agglomeration area in Central Europe are 
analyzed in details. Figure 2 illustrates the spatial structure of UHI in winter and summer in case of five cities 
during day-time and night-time, respectively. The seasonal mean difference between the temperature of each 
pixel and the rural mean temperature is presented on the maps. The warmest part of each city is the downtown 
area (administrative and commercial center). In general, these downtown warm spots are 4-6°C and 2-3°C  colder 
on winter days and nights, respectively, than in summer. The difference between the warmest and the coldest 
surface temperature exceeds 15°C in summer days whe re mountains are near the city (e.g., Budapest, Munich, 
Sofia). UHI in Sofia is very special, since Mountain Vitosa (2224 m) is located very close to the Bulgarian capital 
(mean elevation of Sofia is 550 m), that results in large temperature gradient within the selected rural area around 
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the city, especially in summer. Summer day-time UHI structure of the Budapest agglomeration area is also 
unique. The western part of the city is hilly covered by forests, so its surface is relatively cold. The downtown area 
(located on the left bank of the river Danube and characterized by 25-30 m high buildings from the late 19th 
century) can become very hot on summer days. The maximum difference between the warmest and the coldest 
surface temperature is about 10°C (occurring in sum mer) in case of the cities where the surroundings are less 
elevated and the orographical difference is less than 100 meter (e.g., Bucuresti, Warsawa).  
 

 
Figure 2. Annual variation of monthly mean day-time and night-time UHI structure in Budapest, Bucuresti, Munich, 
Sofia, and Warsawa. MODIS surface temperature observed in 2002 is used. Each map covers a 50×50 km2 area. 
 
In order to accomplish a more detailed analysis of the energy balance of these large European agglomerations, 
very high-resolution satellite images may be used. For instance, another sensor of satellite Terra (i.e., ASTER) 
provides remotely sensed data with 90-m spatial resolution from July 2000. All these analyses may serve as a 
basis for urban planning and optimal selection of building materials. 
 
Acknowledgements  
 
The authors thank NASA for producing the satellite surface temperature data in their present form and the Earth 
Observing System Data Gateway for distributing the data. Research leading to this paper has been supported by 
the Hungarian National Science Research Foundation under grants T-034867, T-038423, and T-049824, also by 
the CHIOTTO project of the European Union Nr. 5 program under grant EVK2-CT-2002/0163, and the Hungarian 
National Research Development Program under grants NKFP-3A/0006/2002, NKFP-3A/082/2004, and NKFP-
6/079/2005.  
 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

808



References 
Barnes, W.L., Pagano T.S., Salamonson, V.V., 1998. Prelaunch characteristics of the Moderate Resolution 
Imaging Spectroradiometer (MODIS) on EOS-AM1. IEEE Transactions on Geoscience and Remote Sensing, 36, 
1088-1100. 
 
Belward, A.S., Estes, J.E., Kline, K.D., 1999. The IGBP-DIS 1-Km Land-Cover Data Set DISCover: A Project 
Overview. Photogram. Eng. Remote Sens., 65, 1013-1020. 
 
Brinkhoff, T. 2004: City population. http://www.citypopulation.de 
 
Carlson, T.N., Augustine, J.A., Boland F.E., 1977. Potential application of satellite temperature measurements in 
the analysis of land use over urban areas. Bull. Am. Meteorol. Soc., 58, 1301-1303. 
 
Dezsı, Zs., Bartholy, J., Pongracz, R., 2005, Satellite-based analysis of the urban heat island effect. Idıjárás, 
109, 217-232. 
 
Matson, M., McClain, E.P., McGinnis D.F., Pritchard, J.A., 1978. Satellite detection of urban heat island. Mon. 
Wea. Rev., 106, 1725-1734. 
 
National Aeronautics and Space Administration (NASA), 1999. Science writers’ guide to Terra. NASA Earth 
Observing System Project Science Office, Greenbelt, MD. 
 
Oke, T.R., 1973. City size and the urban heat island. Atmospheric Environment, 7, 769-779. 
 
Oke, T.R., 1982. The energetic basis of the urban heat island. Q. J. R. Meteorol. Soc., 108, 1-24. 
 
Pongrácz, R., Bartholy, J., Dezsı, Zs., 2005. Remotely sensed thermal information applied to urban climate 
analysis. Advances in Space Research. In press. 
 
Price, J.C., 1979. Assessment of the heat island effect through the use of satellite data. Mon. Wea. Rev., 107, 
1554-1557. 
 
Rao, P.K., 1972. Remote sensing of urban heat islands from an environmental satellite. Bull. Am. Meteorol. Soc., 
53, 647-648. 
 
Roth, M., Oke, T.R., Emery, W.J., 1989. Satellite-derived urban heat island from three coastal cities and the 
utilization of such data in urban climatology. Int. J. Remote Sensing, 10, 1699-1720. 
 
Sokhi, R.S., Ed. 1998. Urban air quality: monitoring and modelling. Kluwer, Dordrecht, The Netherlands.  
 
Strahler, A., Muchoney, D., Borak, J., Friedl, M., Gopal S., Lambin E., Moody, A., 1999. MODIS Land Cover 
Product Algorihm Theoretical Basis Document, Version 5.0. Center for Remote Sensing, Department of 
Geography, Boston University, Boston, MA. 
 
Sundborg, A., 1950. Local climatological studies of the temperature conditions in an urban area. Tellus 2, 222-
232. 
 
United States’ Geological Survey (USGS), 1996. GTOPO30 documentation. USGS, Reston, VA. 
 
Unger, J., Sümeghy, Z., Zoboki, J., 2001. Temperature cross-section features in an urban area. Atmospheric 
Research, 58, 117-127. 
 
Wan, Z., Snyder, W., 1999. MODIS land-surface temperature algorithm theoretical basis document. Institute for 
Computational Earth Systems Science, Univ. of California, Santa Barbara, CA. 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

809
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-AN EXAMPLE FROM OULU, CENTRAL FINLAND 
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Abstract 
 

The heat island intensity obtained from observations at Oulu(65ºN), were less than other Finnish cities in 
those of previous reports.  Because pseudo heat island intensity caused by temperature inversion caused by 
topographical roughness on the heat island phenomena was able to remove. The heat island intensity during the 
winter are larger than those of the summer because these differences between two seasons are caused by the 
difference of temperature variations.  Winter diurnal temperature variation shows irregular pattern because of its 
synoptic weather condition.  Decreasing of temperature within one variation lasts few to several days in winter.  
The heat island intensity increases together with decreasing of temperature.  
 
Key words:  heat island intensity, temperature variation, high latitude, Oulu 
 
 
1. INTRODUCTION  

City of Oulu is located on the very flat coastal plain along the Gulf of Bothnia with its population of 128,962 
in 1.1.2006.  Two methods of temperature measurements were done in Oulu(65ºN of its latitude), Central 
Finland(Fig.1), in order to clarify the characteristics of urban climate, especially thermal condition, within high 
latitude regions as an example of urbanized areas developed on the less relief landforms.  One was moving 
observation by automobiles attached with the digital thermometers on their roofs and the other one was hourly 
observation at three permanent stations operated with automatic data logger at urban, suburban and rural 
sites(Fig.2).  There were 79 measuring points in downtown Oulu and its surroundings for mobile observations to 
clarify spatial characteristics of temperature.  More than forty moving observations were operated both in winters 
and summers.  Hourly temperatures have been measured continuously at each permanent station from 1996 to 
1998.  Heat island phenomena were observed almost all seasons in Oulu. 
 
2. THERMAL DISTRIBUTION BY MOVING OBSERVATION  
 
Moving observations were operated both in winters and summers to get thermal distribution of Oulu.  The 
observations were operated every three or six hours to correspond with Finnish meteorological systems at fixed 
stations because it was easy to consider the relationships with other weather data such as wind speed and 
direction and cloud cover during observation periods.  One cycle of observation was required to last one day to 
clarify daily variation of  temperature distribution.   In order to draw the thermal maps,  the authors did two ways of  
 
*Taisho University,  3-20-1, Nishi-Sugamo, Toshima, Tokyo, 1708470  Japan  (yoshio_hara@mail.tais.ac.jp) 

Figure 1. Index map of Oulu

Figure 2.  Location of measuring sites
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calibration; one was time calibration and the other one was instrumental calibration.  We defined the value of the 
heat island intensity obtained from the moving observations as the highest value minus the lowest one within  one 
measuring. 
          The higher and the lower temperature areas were appeared in almost similar parts through the period.  The 
highest areas were near, in and around, the downtown area.  Slightly higher areas were in north and northwest of 
the downtown; Linnanmaa and Toppila.  The average heat island intensity during the winter is smaller than cities 
in previous reports because the urbanized area of Oulu are located on the less relief terrain.  Its average in Oulu 
from our observation is 3.4 ºC during winter.  Pseudo heat island intensity caused by temperature inversion 
caused by topographical roughness on the heat island phenomena was able to remove.  Very severe temperature 
inversion near the ground surface was recognized in winter in Finland by many researches.  It is the 
characteristics of high latitude regions. 
 
3. HEAT ISLAND INTENSITY OBSERVED FROM PERMANENT STATIONS 
 
3.1. Temperature variation and cycles 
 

Hourly temperature have been measured at three permanent stations(Fig.2) from 1996 to 1998 with 
automatic data logger in the instrument shelters colored white.  The urban station was located in the downtown 
area of Oulu and the rural station was set in the forest about 7 km north of downtown.   

Temperature variations in summer seasons are different from winter season.  There are very clear(very 
normal and regular pattern) fluctuations of daily cycles on air temperature during summer(Fig. 3-a).  On the other 
hand, temperature variation during winter seasons show very irregular pattern, not diurnal and longer cycles, 
because of its synoptic weather condition.  Those are the fluctuation of mostly 2-4 days cycle(Fig. 3-b & 4).  The 
speed of falling temperature was slower than that of rising ones.   

Figure 3-a  July, 1997 

Figure 3-b  January, 1997 
Figure 3.  Hourly air temperatures and heat island intensity at permanent stations in Oulu 
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Fig. 4  Hourly air temperature variations at Oulu in January, 1996-2000 [by Oulu City Office]. 
 
3.2. Heat island intensity 
 

The definition of this article for the value of the heat island intensity obtained from the observation at 
permanent stations [Tu-r] is the temperature difference between the values of urban permanent station [Tu] and 
rural one [Tr].  The definition is different from the heat island intensity by moving observation.  Tu-r values also 
fluctuates similar to both temperature values(Tu and Tr in Fig. 3-a & 3-b).   

The heat island intensity [Tu-r] also increases together with decreasing of temperature and decrease with 
increasing of temperature(Fig.3 & 5).  The heat island intensity during the winter is larger than those of the 
summer because the duration of one heat island phenomena lasts longer in winter(more than one day) than 
summer(one day). Longer cycle of temperature variation causes larger heat island intensity in winter.  Differences 
of the heat island intensity between two seasons in Oulu are caused by the difference of temperature variations.  
When the temperature decrese longer period, the heat island intensity increase. 
          In order to discuss about the relations between temperature variation and heat island intensity by hourly 
data, the authors took the values only the lowest temperatures of each fluctuation(Tu: min & Tr: min).  The 
maximum heat island intensity of each variation [Tu-r: max] appears at this moment during one cycle of 
variation(Fig.3).  The authors examined the relations between Tu-r:max and Tr:min with two years(1997 & 1998) 
sum of July for summer and January for winter months(Fig.6).  Tr is used for the air temperature because they are 
close to natural one. Numbers of variation cycle in July for two years is 61; this means almost diurnal cycle.  On 
the other hand, there were only 25 in January; this means the cycle is few to several days.  Average of the 
maximum heat island intensity of variation for each month is 3.2 ºC in July and 5.7 ºC in January.  The maximum 
values of Tu-r are greater in winter than summer.  It is clear that negative correlation is exist between air 
temperature and the maximum heat island intensity of each variation with the equation of the linear regression 
line of     [ y = –2.26 x – 7.03 ]. 
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by hourly data.                                                       Fig.6   Tr:min with Tu-r:max, at the bottom of the temperature 
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       Values of heat island intensity within high latitude in winter depend on the continuity of each variation.  The 
longer temperature variation cycle increases the heat island intensity.  These are the high altitude characteristics 
obtained from our observation at permanent stations.  This variation pattern is the cause of synoptic condition, 
snow cover, much cloud cover and less sunshine duration by its latitude during the winter. 
 
4. CONCLUSIONS 
 

The characteristics of the heat island within high latitude cities obtained from our observations in Oulu are  
summarize as follows.   

Firstly, the heat island intensity measured from our moving observations were less than other Finnish cities 
in those of previous reports compared with its population.  Because of the city developed on the very flat 
landform, pseudo heat island intensity caused by temperature inversion was removed.  In other words, it is 
unnecessary to consider the effects of the temperature inversion caused by topographical roughness on the heat 
island phenomena. 
 

  topographical raoughness    �   temperature inversion     →    pseudo heat island intensity 
 
         Secondly, our observation by the permanent stations suggests that the difference of heat island intensity 
between two seasons, summer and winter, are derived from the difference of temperature variations of both 
seasons.  Different temperature variation patterns affects the difference of heat island intensity. 
 
     long temperature variation cycle    →   long temperature decrease     →   large heat island intensity 
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Figure 1: Absolute frequency distribution of male 
and female death cases between 01/2001 and 
03/2005 at Trier, N = 8,900. 

HOW METEOROLOGICAL PARAMETERS AND AIR POLLUTION, ESPECIALLY PM10 
CONCENTRATIONS, INFLUENCE THE DAILY MORTALITY RATES BETWEEN 2001 

AND 2005 - AN EXAMPLE FROM WESTERN EUROPE 

Alfred Helbig*1, Jürgen Junk** 
*University of Trier, Faculty of Geography/Geoscience, Department of Climatology, Germany  

**Center of Applied Environmental Science, Trier, Germany 
 

ABSTRACT 

Current scientific studies and evaluations clearly show that an increase of PM10 loads, single or combined with 
other pollutants and certain meteorological conditions lead to different significant health effects (Gouveia & 
Fletcher 2000). Premature death, increased hospital admissions and increased respiratory symptoms and 
diseases as well as decreased lung function can be observed in combination with high pollutant levels. Since 
individuals in their daily environment are not only exposed to the singular pollutant PM10, we consider further 
relevant air pollutants in a second step, calculating air quality indices. In contrast to conventional air quality 
indices we use an effect-referred index after Mayer et al. 2000. Because meteorological parameters have also 
profound effects on human health and mortality rates daily air temperature values were considered in our 
investigation. Furthermore the “Air Quality Health Impact Assessment Tool AirQ 2.2.3” of the World Health 
Organisation (WHO) was used to estimate the potential impact of PM10 on human health for the city of Trier 
(approx. 100,000 inhabitants) in the western part of Germany near Luxembourg. 

Key words: PM10, mortality rates, long- and short-term exposure, air quality index 

 
1. INTRODUCTION 
Recent publications of the WHO (2004) indicate that air pollution, especially particulate matter has significant 
negative effects on the human health in Europe. A wide range of effects from increased risks of cardiopulmonary 
diseases up to reductions in life expectancy of years have been linked to outdoor air pollution in European cities. 
An average adult takes under normal conditions approximately over 10 millions breaths in a year (1.2 m³ per 
hour) and so toxic substances infiltrate the lung. 
The main objective of this study is to determine the influence of air pollutants especially of particulate matter 
(PM10) on the health and the mortality rates of the residents of Trier. Daily mortality data of all residents of Trier 
for the period between 01/2001 and 03/2005 as well as time series of the air pollutants PM10, NOx, CO, O3 and 
SO2 are available. By means of statistical analyses the relationship between high pollutants level and the mortality 
rates is examined. Additionally we used the “Air Quality Health Impact Assessment Tool AirQ 2.2.3” of the WHO 
to model the short- and long-term effects of air pollution.  
 
2. INVESTIGATION AREA AND INPUT DATA 
With an average population of 100,000 the city limit of 
Trier encloses an area of 177 km² in the western part of 
Germany near the border of Luxembourg. With a 
population density of 851 people/km² Trier is one of the 
densely populated districts of Rhineland-Palatinate (RL-
P). The main settlement is located at the lower terrace in 
the NE/SW orientated Moselle Valley (140 m asl). The 
adjacent partly inhabited areas of middle and main 
terrace are at altitudes between 260 m and 330 m. 
The daily death cases for the period from 01/2001 to 
03/2005 (8,900 cases) were supplied by death certificate 
records for Trier residents, collected by the “Public 
Health Department of Trier”. Each death record contains 
codes for the direct cause of death, the underlying 
diseases and an admission diagnose if available. The 
codes follow the International Statistical Classification of 
Diseases and Related Health Problems ICD-10. Thus it 
is possible to exclude all cases of deaths caused by 
accidents as well as the cases which are not related to 
air quality or meteorological parameters. Figure 1 shows 
the absolute frequency distribution of all death cases, 
separated into male and female cases. The type of the 
frequency distribution is similar to those of other towns in  
RL-P (Statistisches Landesamt 2005). 
The number of death cases of women as well as their 
average age is higher than that of men. Our data sample is representative for the population structure of RL-P.  

                                                 
1 Alfred Helbig, University of Trier, Faculty of Geography/Geoscience, Department of Climatology, Behringstr.  
    54286 Trier, Germany, E-Mail: helbig@uni-trier.de 
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Table 1: Health effects associated with particular matter exposure (after WHO 2004). 
  short-term exposure   long-term exposure 

• increase in medication usage • reduction in lung function of adults and children 
• increase in hospital admissions • increase in lower respiratory symptons 
• increase in mortality • reduction in life expectancy 
• respiratory symptoms  

• increase of cardiovascular diseases  

Since January 2001 the hourly emission concentration of PM10 are continuously measured in the city of Trier at 
two sites of the pollution monitoring network of RL-P (Zentrales Immissionsmessnetz Rheinland-Pfalz, ZIMEN). 
Both sites measure all necessary input data for the computation of air quality indices as well as the statistical 
input data for the AirQ model. 
 
3. METHODS 
The data of the daily cases are validated by means of statistical methods to exclude input errors. The time series 
of PM10 emission concentration show gaps due to technical causes. The missing values within the times series 
were closed by means of different procedures. Gaps with up to two missing values were closed by linear 
interpolation considering the presence of precipitation as secondary condition. With fulfilled secondary condition 
the gap was closed with data from a comparable station. This procedure was used too, when more than two 
missing values occurred. In general, only very few gaps in the PM10 time series (< 3 %) exist.  
Because not only PM10 has significant negative effects on human health therefore the affect-referred air quality 
index TLQ including the air pollutants SO2, CO, NO2, O3, and PM10 is computed. Impact-related air quality 
indices such as the TLQ are very rare, due to the difficulty to quantify the impacts of air pollutants on the well-
being and health of human beings. The idea of air quality indices is to assign concentrations of ambient air 
pollutants to different air pollutant specific ranges. The air quality index itself is represented by an index class 
among the considered air pollutants. The resulting TLQ values are assigned to the six following classes: 0.5 -1.4 
very good, 1.5 -2.4 good, 2.5 – 3.4 satisfactory, 3.5 – 4.4 sufficient, 4.5 – 5.4 poor, > 5.5 very poor. The relation to 
the impact on human beings is given by different classified ranges of air pollutant concentrations, which are 
derived from epidemiological and toxicological investigations. Further information and detailed descriptions of 
calculating of TLQ are given by Mayer et al. 2002 and László et al. 2003. 
With the help of the “Air Quality Health Impact Assessment Tool AirQ 2.2.3” of the WHO it is possible to 
determine the short- and long-term effects of various air pollutants on the public health in urban areas. The 
estimation of the health effects is based on the attribute proportional concept. This represents the portion of the 
expositional related diseases of the total diseases. For all computations the relative risk (RR) is needed. RR 
describes the increased risk to sicken for persons in a polluted in comparison to persons in non polluted 
environment. The 
relative risks given 
by Atkinson & 
Anderson 1997 and 
Burret & Doles, 
1997 were used for 
all calculations. 
Total mortality is 
computed under 
consideration of long-term exposure as well as additional hospital admissions caused by respiratory and 
cardiovascular diseases observed on situation with interdiurnal increase of PM10 concentrations greater than 
10 µg/m³. Table 1 shows selected short- and long-term health effects associated with particulate matter exposure. 

 

4. RESULTS AND DISCUSSION 
The results show that PM10 and NOx are the most important pollutants in area of Trier. The TLQ index value is 
determined in the majority of the cases by these pollutants. Strong correlations between periods with extreme air 
temperature and increased 
mortality rates were found. 
Additionally strong connections 
between episodes with high 
pollutants loads und high 
mortality rates can be 
observed. Figure 2 shows the 
four year averaged monthly 
mortality rates (2001 – 2004) 
and the absolute mortality rates 
of the year 2003. As in other 
comparable studies death 
counts vary by time of year, 
with higher mortality rates in 
winter and fewer rates in 
summer. The higher mortality 
rates in winter are primarily 
caused by influenzal infections. 
The year 2003 is exceptional 
because a long lasting period 
with extreme high air 
temperature from June to 
August occurred (Koppe et al. 
2003). This caused significant increased mortality rates in Europe as well as in Trier (figure 2).  
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Figure 2: Comparison of 4-year averaged monthly mortality rates (2001 -
2004, grey columns) and mortality rates in 2003 (black lines). 
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Figure 4: Average mortality rate per day for different TLQ 
classes (grey column), average mortality rate per day = 5.74
for the whole period (01/2001 – 03/2005). 

This fact shows impressively that in all studies 
of effects of air pollutants on public health it is 
absolutely necessary to consider other 
influences i.g. biometeorological impacts. 
The results of the statistical analysis of daily 
mean mortality rates depending on PM10 
emission concentration are given in figure 3. 
On the average 5.74 persons die per day in 
Trier. The daily means, classified in 5 µg/m³ 
intervals, of PM10 emission concentration are 
computed from hourly values. The yearly mean 
emission concentration of PM10 varies 
between 34 µg/m³ in 2001 and 30 µg/m³ in 
2005 und don’t exceed the valid yearly EU-
threshold. Furthermore the daily threshold of 
50 µg/m³ should not be exceeded on more 
than 35 days per year to minimise short term 
health effects. As it can be seen in figure 3 the 
daily mortality rates increase with PM10 
emission concentration greater than 40 µg/m³. 
With PM10 concentration greater than 45 
µg/m³ the daily mortality rates are greater than 
6 cases per day.  
Besides the negative effects of PM10 the air 
pollutants NOx and O3 contribute significantly to 
the air quality in cities. Considering only the 
PM10 emission concentration the air quality in 
the summer month will be better. Otherwise O3 
concentration shows the maximum in summer 
due to the increased solar radiation intensity. 
Therefore the TLQ, as an effect-referred index 
which summarized the effects of the air 
pollutants PM10, NOx, O3, SO2 and CO is used 
as an additional indicator to analyse the daily 
mortality rates. In figure 4 the daily mortality 
rates depending on different TLQ classes are 
shown. The increase of daily death cases 
starts with TLQ values grater than 4.0 and 
reaches its maximum with values of 6.4 cases 
per day with TLQ greater than 5.0 
Beside the statistical analysis between the 
daily mortality rates and the air quality in Trier, 
table 2 shows selected results of the modelled 
health effects with the impact assessment tool. 
The short- and long-term effects of PM10 loads 
for the urban area of Trier (100,000 
inhabitants) were calculated for the years 2001 
up to 2004.  
The modelled short-term effects are based on 
the interdiurnal increase of PM10 emission 
concentrations greater than 10 µg/m³. 
Respiratory and cardiavascular diseases are 
separately calculated. Summarising both 
effects lead to an averaged number of 30 
additionally death cases for the population of 
Trier per year. Of course, this additional 
number of death cases caused by high 
particles exposure represents only a probability 
of increased mortality rate in statistical sense.  
Substantially higher death rates with 180 cases 
in the average are caused by long-term 
exposure. These long-term exposures lead to 
a diminished performance of the human immune system. In contrast to that short-term effects of air pollutants to 
the human health are reversible. Long term exposure with increased PM10 loads impact the health of the entire 
population, whereas short-term effects impact predominantly risk groups. Calculations for other comparable cities 
in RL-P e.g. Koblenz and Kaiserslautern confirm the results for Trier.  
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Figure 3: Average mortality rate per day for different PM10 
classes (grey column), average mortality rate per day = 5.74
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All here presented results are obtained in the framework of a pilot study. In future it is intended to extend the 
investigation area to the city of Luxembourg and all major cities in RL-P. In addition the input dataset will be 
extended by daily morbidity codes. 

In the past most of the statistical analyses as well as modelling was mainly restricted to a pure quantitative 
consideration of PM10 emission concentration. In the future smaller fraction of particulate matter e.g. PM2.5 or 
PM1.0 and their chemical properties will be subject of comprehensive research. 
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Table 2: Selected results of the AirQ 2.2.3 calculations of short- and long-term exposure 
for the city of Trier (2001 – 2004). 

long-term exposure
respiratory disease cardiovascular disease total total

2001 23 9 32 192
2002 21 8 29 177
2003 21 8 30 178
2004 20 8 28 171

short-term  exposure
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Abstract 
 
The small cities in Japan lack local climate knowledge. Spatial observations of urban climate were conducted in 
Yonago, a small, provincial city in Japan in order to provide basic local climate knowledge about urban planning. 
Air temperature, wind speed and direction were measured at 49 field observation points from the central to 
outskirts of city. The urban heat island strongly appeared in the nighttime of winter with calm wind, and in the 
daytime of summer with cleared sky. The maximum heat island intensity was 4.6°C in winter and 4.0°C in  
summer. It was shown that the sea breeze from Sea of Japan had a cooling effect in daytime of summer, and 
vegetations had a cooling effect in the nighttime of summer.  
 
Key words: urban heat island, field observation, small city in Japan 
 
 
1. INTRODUCTION  
 
It has been shown that varying urban landscape creates local climatic differences and that it is important to take 
climate knowledge into consideration on urban planning from the viewpoint to achieve a sustainable living 
environment concerning the human comfort, health and energy efficiency (Lindqvist and Mattsson 1989, Eliasson 
2000). In Japan, it is required that heat stress in summer would be mitigated by sustainable urban planning 
strategy such as using the climate phenomenon as much as possible into the design. The sea breeze (Hashimoto 
et al. 2004) has been considered to have potential to mitigate heat stress in summer. Unfortunately, almost no 
cities in Japan have taken in consideration climate knowledge in the urban planning. Especially, the small cities 
lack the local climatic knowledge. Therefore, we conducted spatial observations of urban climate in a provincial 
small city, Yonago, with the objectives to clarify spatial pattern of the outdoor thermal environment of Yonago and 
to provide basic local knowledge about urban design and planning.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1  Map of Japan including 
the location of Yonago  

Figure 2  Map over Yonago and the field 
observation points 

* Correspondence author address: Tomoya Kaneko, Department of Architecture, Yonago National College of 
Technology, 4448 Hikona-cho, Yonago-city, Tottori, 683-8502, Japan; e-mail: kaneko@yonago-k.ac.jp 
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Table 2  Meteorological parameters, instrument and measuring height 

2. STUDY AREA 
 
Yonago, a city of approximately 150,000 inhabitants, is located in the west part of Japan and faces the Sea of 
Japan at about 35°26'N and 133°20' (Figure 1). Yona go is located on the Yumigahama Peninsula, a huge 
sandbar and the topography is therefore almost flat. The north-east of Yonago faces the Sea of Japan and the 
west faces the Naka-umi which is a seashore brackish lake. To the south, there are hills with a lot of vegetations, 
and the Hino River runs through the east of the city (Figure 2).  
 
3. METHODS 
 
Field observations were carried out in the winter and the summer of 2002 (Table 1). In total of 10 days (14 field 
observations; 10 in winter and 4 in summer) were analyzed. Field observation was carried out at 49 points located 
in the centre and outskirts of the Yonago (Figure 2). Spatial extents of field observation were about 8 km in east-
west, and 7 km in north-south. Field observations started at 13:30 in afternoon and at 22:00 in the night and 
ended in about 70 minutes. Six teams moved between the observation points by car and got off the car and set 
up the instruments listed in Table 2 at the each observation point. Meteorological parameters were measured for 
three minutes at each point. Air temperature, humidity, wind speed and direction were measured during 3 minutes 
at each point. Air temperature data was corrected for elapsed time by data measured at Yonago meteorological 
observatory (Japan Meteorological Agency).  Wind speed and wind direction was not corrected.  

 
 
4. RESULTS AND DISCUSSIONS 
 
4.1. Spatial climate differences 
 
Figure 3 shows the daily/diuanal wind vector variation under different season. Field observations under typical  
daily wind variation (the wind blew form the north-west in winter and sea/land breeze circulation appeared cleally) 
were presented in this paper. Figures 4-7 shows pattern of temperature difference and distribution of wind 
direction and wind speed.  
[Winter-Nighttime]  
Figure 4 shows a typical case of in the nighttime of winter with calm wind. The air temperature was highest in 
downtown (5.2°C, maximum at F-5: near the central o f city). High high air temperaturei was also found in built-up 
area, consisting of 1-4 story building with narrow street canyons (5.0°C at D-1). The lowest air tempe rature was 
found in the rural area where a lot of crop fields existed (1.6°C, minimum at C-1). The temperature wa s also low in 
the near rice fields (1.9°C at A-5). The difference  between the lowest temperature and the highest temperature 
(heat island intensity) was 3.6°C.  
[Winter-daytime]  
Figure 4 shows the case of in the daytime of winter. Wind blew mainly from the north-east. Air temperature 
difference was small (mean 11.1°C, max. 12.0°C, min . 10.1°C).  
[Summer-Nighttime]  
Figure 6 shows the case in the nighttime of summer with cleared sky. The air temperature was lowest in the 
bottom of hill with a lot of vegetations (22.0°C, m aximum at E-8) and low in the park with a lot of vegetations  

Daytime Weather Nighttime Weather

11, Jan, 2002 22:00 Fine

12, Jan, 2002 13:30 Fine 22:00 Fine

13, Jan, 2002 13:30 Cloudiness 22:00 Cloudiness

14, Jan, 2002 13:30 Light Cloudiness

01, Feb, 2002 22:00 Fine

02, Feb, 2002 13:30 Cloudiness 22:00 Cloudiness

03, Feb, 2002 13:30 Cloudiness

25, Aug, 2002 22:00 Fine

26, Aug, 2002 13:30 Fine 22:00 Fine

27, Aug, 2002 13:30 Cloudiness

Day
Starting Time of Mobile Observation and Weather Condition

Instrument Height [m]

Assmann Psychrometer 0.9

Assmann Psychrometer 0.9

Biram's Anemometer 1.2

Biram's Anemometer 1.2

Air Temperature

Humidity

Wind Speed

Wind Direction

Meteorological parameter

Table 1  Day and Time of field observation and weather condition  
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Figure 4  Pattern of air temperature difference and 
distribution of wind direction and wind scale 

Winter-Nighttime [22:30  2 Feb 2002] Winter-daytime [14:00  2 Feb 2002] 

Figure 5  Pattern of air temperature difference and 
distribution of wind direction and wind scale 

Summer-Nighttime [22:30  25 Aug 2002] Summer-Daytime [14:00  26 Aug 2002] 

Figure 7  Pattern of air temperature difference and 
distribution of wind direction and wind speed 

Figure 6  Pattern of air temperature difference and 
distribution of wind direction and wind speed 

Figure 3  Daily/diuanal wind vector variation under different season 
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(22.1°C at E-5). It showed that vegetations had a c ooling effect in the nightime of summer.  
[Summer-Daytime]  
Figure 7 shows the case in the daytime of summer with cleared sky. Wind blew from the Sea of Japan mainly. 
Wind speed was highest in the coastal area. Air temperature was highest in downtown area (30.9°C, maxi mum at 
F-3: near the city office). Air temperature was lowest in the coastal area (26.9°C, minimum at A-8, 27 .4°C at D-6). 
The difference between the lowest temperature and the highest temperature was 4.0°C. It shows that sea  breeze 
has the cooling effect in daytime of summer.  
 
4.2. Heat island intensity 
 
During the field observation, the heat island tended to appear comparatively strong in the nighttime of winter with 
calm wind, and in the daytime of summer with cleared sky. 
Figure 7 shows pattern of mean air temperature difference in the nighttime of winter. Heat island intensity was 
3.6°C. In addition, the maximum heat island intensi ty appeared in the nighttime of winter with 4.6°C a t 22:30, 12, 
Jan 2002 (not shown). 
Figure 8 shows pattern of mean air temperature difference in the daytime of winter. Heat island intensity was 
2.9°C.  
 
5. CONCLUSIONS 
 
Spatial field observations of urban climate were conducted in Yonago, Japan in order to provide basic local 
climate knowledge for urban planning. It was founded that Strong urban heat island appeared in the nighttime of 
winter with calm wind, and in the daytime of summer with cleared sky. During the field observation, the maximum 
heat island intensity was 4.6°C in winter, 4.0°C in  summer. In the daytime of summer, the highest air temperature 
was observed at the downtown and the lowest air temperatures were observed in the near coast. It was also 
shown that sea breeze from Sea of Japan had the cooling effect in daytime, and that vegetations had a cooling 
effect in the nighttime of summer.  
This basic climate knowledge should be considered in urban planning of Yonago city. 
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Figure 8  Pattern of mean air temperature difference 

Winter-Nighttime [mean] 

Figure 9  Pattern of mean air temperature difference  

Summer-daytime [mean]  
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DEVELOPMENT OF COMPUTATIONAL MODEL FOR URBAN HEAT ISLAND 
CONVECTION USING GENERAL PURPOSE CFD SOLVER 
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Abstract 
 
A general purpose CFD software has been adapted to simulate atmospheric flow induced by urban heat island 
effect. Non-hydrostatic formulation of the governing equations has been employed with realizable k-e turbulent 
model. Compressibility and thermal stratification effects were taken into account by utilizing a novel system of 
transformations to the field variables and addition consequential source terms to the standard set of transport 
equations. This approach offers high flexibility in geometrical resolution meshing, and also, in further 
developments to the physical model. The model has been used for simulating heat island phenomena at Szeged, 
Hungary. Geometrical data of the ground surface as well as temperature distribution at a height of 1.5 meters 
above the ground have been taken from on site measurements. Distribution of anthropogenic heat source and the 
field variables of flow structure have been obtained from the simulation model.  
 
Key words: Urban Heat Island, atmospheric flow, transformation  
 
 
1. INTRODUCTION 
 
In meteorological models of local atmospheric circulations some variations of boundary layer equations with 
hydrostatic approximation to the vertical component of momentum equation are commonly used. Numerical 
solution is obtained by purpose developed solvers (Yoshikado, 1992; Lu et al., 1997;  Kurbatskii, 
2001).Application of general purpose CFD solvers have many advantages such as: high flexibility in meshing, 
application of effective numerical techniques, easy implementation of model refinements, parallel computing. 
These highly developed softwares would expect much more application in meteorology for micro-scale modeling 
and also in environmental research if the compressibility effects caused by vertical flows in the atmosphere could 
be included into the model. Motivation of the present model development came from a group of researchers 
dealing with urban climatology (Unger et al., 2001; Bottyan and Unger, 2003), and we think that the results can be 
used with benefits in different areas like modeling local wind conditions or modeling dispersion of pollutants 
emitted by chimneys or cooling towers of power plants. 
Most CFD solvers have compressible flow option, which means, that the air density is taken into account as a 
function of local pressure and temperature through the ideal gas law. This option, however, does not allow 
effective simulation of buoyancy driven atmospheric flow either due to the severe limitation on the magnitude of 
time steps. In those cases when density depends only on temperature, the ideal gas law with constant pressure, 
or Boussinesq approximation with constant thermal expansion coefficient can be used. Potential temperature 
formulization allows the application of incompressible gas models. As the potential temperature in standard 
atmosphere is a linear function of vertical coordinate, it leads to a parabolic vertical pressure profile and thus 
causes several order of magnitude difference between horizontal and vertical components of the pressure 
gradient vector, which can give rise to numerical instabilities in pressure based solvers. 

 
2. MATHEMATICAL MODEL 
 
The mathematical relation between the absolute physical quantities and the field variables used in the CFD solver 
are described by a set of transformation. These transformation formulae are based on the standard ICAO (Manual 
of the ICAO Standard Atmosphere, 1993) temperature and pressure profiles and an approximate exponential 
function for the density profile which allows the simplification of some of the transformation expression: 

zTT γ−= 0  (1)     
γ










 γ−
=

R

g

T

zT
pp

0

0
0  (2)      ze ζ−ρ=ρ 0  (3) 

z denotes the vertical coordinate, 

m/C. 100650 °=γ , K.T 152880 = , Pa.p 5
0 10013251 ⋅= , 3

0 2251 m/kg.=ρ , 25535.)R/(g =γ , 1410 −−=ζ m . Note 

that the above density profile approximates the standard profile within 0.4% error bound if z < 4000 m, but the 
error increasing rapidly at higher altitudes.  
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We employ the following transformations to the field variables: 

TTT~T +−= 0          (4) pp~epp~p z +⋅=+⋅
ρ
ρ= ζ−

0
 (5) 

ρ+ρ−ρ=ρ 0
~          (6) ( )z~Lnz ζ−

ζ
−= 1

1
         (7) 

zew~w~w ζ=
ρ

ρ
= 0   (8) 

in which, w is the vertical component of the velocity vector, T, p, ρ, z, w denotes absolute physical values and 

w~,z~,~,p~,T~ ρ  are the transformed variables used in the simulation software.Unsteady, variable density form of the 
continuity momentum and energy equations are solved by the simulation system with Boussinesq's approximation 
to the density: 

( )000 TT~~ −βρ−ρ=ρ   (9) 

in which, β is the cubic thermal heat expansion coefficient of air. In the simulation system ρ~  is used only for 

evaluating the buoyancy force in the vertical component of the momentum equation, in every other place 0ρ  is 

used instead.Turbulent transport is modeled by the Realizable k-ε turbulence model with full buoyancy effects 
(included in transport equations of both k and ε). Effect of Coriolis force can be taken into account by using 
rotating frame of reference option. The exact form of the governing equations can be referred from CFD literature 
and software manual therefore it is not cited here. Eq.7 and Eq.8 can be derived from the identity of stored mass 
in a dz high layer of air: 

z~dz~d~dz 0ρ≅ρ=ρ   (10) 

and assuming the identity of vertical mass flux in real and transformed system: 

w~w~~w 0ρ≅ρ=ρ    (11) 

With this transformation the vertical extent of the atmosphere is "compressed" below a well defined limit (1/ ζ ) 

therefore z~  cannot have values higher then 1/ ζ  (see Eq.7). Conditions described in Eq.10 and Eq.11 ensures 
good approximation to the continuity and to the horizontal components of the momentum equation. Only the 
vertical component of pressure gradient needs correction. By assuming hydrostatic equilibrium at high altitudes, 
which is valid in atmospheric flows, it is possible to derive a source term for the vertical momentum equation 
which compensates for the vertical component of the pressure gradient: 
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( ) ( )( ) ( ) 12
00 111 −− ζ−ζ+−ζ−−βρ−= z~p~z~TT~gS zw     (13) 

Eq.12 allows the application of arbitrary equilibrium density profile. Note that Eq.13 is valid only with density 
profile given by Eq.3.  
The energy equation and the turbulent transport equations also need to be corrected by the application of user 
defined source terms which are proportional to the difference between the magnitude of the equilibrium 
temperature gradient γ and the dry adiabatic temperature gradient Γ = 0.976 °C / 100 m.  
A user defined source term in the energy equation expresses the amount of heat introduced into unit volume of 
fluid in unit time therefore it has the dimension of W/m3. Temperature of vertical air flow follows the adiabatic 
gradient (Γ). The transformation applied to the temperature field variable (Eq.4) already includes a temperature 
gradient γ. Amount of heat corresponding to a temperature gradient Γ-γ must be taken out from the vertical flow, 
therefore the necessary source term in the energy equation is: 

( )γ−Γρ−= w~~cS pT      (14) 

In k-ε models there is a production term for the turbulent kinetic energy which is calculated proportionally to the 
vertical component of the gradient of temperature T~ . This term represents the effect of buoyancy on turbulence 
and it should be zero if the thermal stratification is neutral, that is, Eq.15 is fulfilled by the absolute temperature. 
Temperature gradient can be expressed by the gradient of equilibrium temperature profile plus the gradient of 
transformed temperature (see. Eq.16). 
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∂
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z
T

   (16) 

From Eq.15 and Eq.16 a source term for the turbulent kinetic energy can be determined: 

( )γ−Γ
µ

β−=
Pr

gS t
k      (17) 

in which tµ  denotes the turbulent viscosity and Pr is the turbulent Prandtl number. Note that Sk is negative 

consequently the introduction of Sk into the model causes a damping effect to the turbulent intensity.  
 

Similar correction must be applied to the transport equation of ε: 

( )γ−Γ
µ

βε−= εεε Pr
g

k
CCS t

31  (18) 

where k is the turbulent kinetic energy, ε is the turbulent kinetic energy dissipation, εε 31 CandC  can be referred 

from the CFD literature or software documentation.  
 
3. NUMERICAL SOLUTION 
 
Source terms described in the previous chapter (see. Eq.13-14 and Eq.17-18) can be implemented in the form of 
user defined functions in general purpose CFD solvers. Geometrical domain can be constructed with z~  
coordinates on the basis of the inverse function of Eq.7. If the effects of Coriolis force have to be taken account 
the geometrical model can be only axisymmetric 2D model with swirl velocity component or 3D model. Time 
dependent simulation is necessary even in situations when steady state can be expected. Field variables 

T~andp~  could be initialized to constant values of p0 and T0 provided that the initial state of absolute state 
variables fulfill the standard equilibrium atmospheric profiles (see Eq.1-2). Constant pressure can be given also at 
outlet boundary surfaces. On the upper boundary of the computation domain can be a horizontal plane at the 
height of ζ= /z~ 1 with symmetry boundary condition. (Boundary conditions of second kind for all field variables, 
excepting vertical velocity component, which is zero.) According to our experience, double precision storage 
cannot be avoided in most changes. The default limit for maximum turbulent viscosity ratio should be greatly 
extended (practically switched off) in the case of atmospheric scale models. Application of the incompressible 
fluid solver with implicit time discretization method allows large time stepping and high computation efficiency. In 
view of simulation results it is possible to recover all important field variables by using Eq.4-8. A post processing 
software with programming capabilities can be very helpful for obtaining transformed values of field variables 
contour plots and vector diagrams.  
 
4. RESULTS 
 
The above described system of transformation implemented in FLUENT 6.x solver is being used for analyzing 
urban heat island circulation over a middle sized Hungarian city Szeged.  

 

  
Fig. 1. Contours colored by the z-coordinate and the numerical grid (left); Temperature contours according to field 

measurements in Szeged, Hungary (right) 
 
An area of 21 x 18 km has been taken into account. Triangular surface mesh has been generated (left side of 
Fig.1.) with linear mesh size of 70 m in the city core and 800 m at the outer boundary. Temperature profile 1.5 m 
above the ground has been specified on the basis of on site measurements of Unger et al. (2001) (right side of 
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Fig.1.). Experiment were carried out during nocturnal hours in calm weather conditions. Average wind speed was 
about 1.4 m/s. As a first approach, still initial atmosphere has been taken into account in the simulation model 
(wind has been neglected). Distribution of anthropogenic heat source in the city, 3D velocity and temperature field 
has been obtained from the simulation model.Structure of velocity (Fig.2.) and temperature perturbation (Fig.3.) 
correlates well with the expected field structures, however the city plume rises up to unrealistically high altitudes. 
This problem can be caused by the too coarse vertical grid (height of the first row is 30 m) and the 
consequentially high heat input in the near ground region, which requires further treatment.  
The transformation method and application of general purpose CFD solvers has been found to be an effective 
way of the simulation of thermal breezes.   
 

 
Fig. 2. Velocity vectors at the coordinate plane y=10000 m  

 

 
Fig. 3. Temperature perturbation around the standard profile at the x=10000m section 
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THE BIOCLIMATIC ENVIRONMENT OF A RAPIDLY EXPANDING DESERT 
METROPOLIS 

James A. Miller 
Arizona State University, Tempe, AZ, USA 

 
 
Abstract 
 
In this study, significant long-term trends in bioclimatic variables in the fastest growing city in the United States, 
Las Vegas, Nevada, were detected.  Since 1949, the average annual minimum temperature in Las Vegas, as 
measured at the McCarran International Airport location, increased by approximately 3.50°C, though ther e was no 
trend in maximum temperature observed.  A significant increase in the frequency of dangerous heat index values 
also occurred due to a combination of higher temperatures from the urban heat island (UHI) effect and increasing 
dewpoint temperatures.  Balanced against increased summer heat stress, the winter climate of Las Vegas has 
moderated substantially.  The frequency of frost and freeze events decreased markedly, extending the growing 
season by almost two months.  To ascertain the role of long-term synoptic variability on the observed changes in 
Las Vegas bioclimate, spatial synoptic classification (SSC) data were analyzed in concert with the meteorological 
data. 
 
Key words: bioclimate, arid environments, synoptic climatology  
 
 
1. INTRODUCTION  
 
The urban heat island (UHI) effect occurs in cities worldwide and is responsible for a marked increase in minimum 
temperature (e.g. Landsburg 1981, Oke 1982, Arnfield 2003).  While the UHI has been shown to affect bioclimate 
conditions in almost all locations, in hot-arid climates, such as those in the urban centers of the Southwestern 
United States, additional heat stress is especially undesirable.  Accordingly, in this study, the changing bioclimatic 
environment of a rapidly expanding desert metropolis, Las Vegas, Nevada, will be examined.   
 
2. STUDY AREA 
 
Las Vegas is situated in southern Nevada (36°05' N, 115°09' W) at an elevation of 660 m above sea-level  near 
the intersection of two North American deserts, the Great Basin and Mojave.  The metropolitan area has grown 
from less than 60,000 people in 1950 to an estimated 2 million in 2006.  Located downwind of several major 
mountain ranges, the climate of Las Vegas is extremely dry with an average annual precipitation just over 100 
mm. Like the Sonoran Desert to the south, Las Vegas has a bi-modal precipitation regime (Fig. 1) where rains 
occur in the winter due to Pacific storms and then again in the monsoon season during July and August. Summer 
maximum temperatures frequently exceed 40°C in Las Vegas, while winter nighttime lows are often below 
freezing in the surrounding Mojave Desert.      
 
3. DATA AND METHODS 
 
Two basic datasets to analyze the relationship between long-term temperature trends and air-mass patterns were 
assembled.  Both of the datasets cover the period 
1949-2003 (55 years).  First, the daily air-mass 
calendar for Las Vegas was determined from the 
‘spatial synoptic classification’ (SSC) dataset first 
developed by Kalkstein  et al. (1996) and later 
updated by Sheridan (2002).  The daily air-mass 
calendar classifies a day according to eight synoptic 
weather types based on a suite of surface 
meteorological variables for the given day.  The eight 
weather types are defined: (1) dry moderate (DM), (2) 
dry polar (DP), (3) dry tropical (DT), (4) moist 
moderate (MM), (5) moist polar (MP), (6) moist 
tropical (MT), (7) transitional (TR), (8) moist tropical 
plus (MT+).  Only 86 days (0.4%) of the 55-year study 
period were missing in the SSC dataset.   
 
Climate data for two stations in the Las Vegas area, 
Desert Game Range (DGR) and Las Vegas McCarran 
International Airport were obtained from the National Climatic Data Center (NCDC).  Daily maximum, minimum, 
and mean temperature values were available for both stations.  Hourly temperature data, including dewpoint, 

Figure 1.  Mean monthly temperature and precipitation at 
Las Vegas, Nevada based on 1971-2000 averages. 
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were available for Las Vegas.  Because dewpoint was not recorded at the DGR site, dewpoint data from the Las 
Vegas station operated by the Community Environmental 
Monitoring Program (CEMP) were examined.  
 
McCarran International Airport is located approximately 5 km 
south of the heavily developed Las Vegas Strip.  While 
airport locations are often classified as non-urban in climate 
studies, in this case, the proximity to the urban core and the 
recent suburban and industrial development surrounding the 
airport easily render this station urban in meteorological 
character.  The DGR station is situated in a wildlife refuge 
about 45 km northwest of McCarran Airport.  It is an ideal 
reference station because it did not move during the study 
period, nor did the immediate surroundings experience any 
land use change.   
 
The McCarran Airport location was converted to an 
Automated Surface Observing Systems (ASOS) station in 
September 1995.  This resulted in a negligible horizontal 
move but a 10 m decrease in station elevation.  Due to this 
change, the data were subject to the standard normal 
homogeneity test (SNHT) as applied by Alexandersson (1986) to identify potential changes coincident with the 
ASOS conversion.  The SNHT did not indicate that a significant change in temperature occurred from the station 
move and conversion.  
 
4. RESULTS 
 

4.1 TEMPERATURE TRENDS 
 
Since 1949, the average annual minimum temperature at 
Las Vegas McCarran International Airport increased by 
approximately 3.50°C as revealed by a least-squares  
linear regression analysis (Fig. 2).  A statistically significant 
trend in the annual minimum temperature at the DGR 
station was not observed.  Winter and spring minimum 
temperatures in Las Vegas increased by over 4°C, whi le 
the summer and fall minimum temperatures increased by 
3.40°C and 3.10°C, respectively.  Each of the linear  trends 
in seasonal temperatures was significant at greater than 
the 99.9% level.  Only the spring minimum temperature 
increased at the DGR station, warming by about 1°C (p < 
0.05).  The average annual maximum temperature at both 
stations remained static over the study period.  At Las 
Vegas, there was no change in any of the seasonal 
maximum temperatures, while at DGR, summer maximum 
temperatures increased by approximately 1°C (p < 0. 05).  

Due to the marked increase in minimum temperature, the diurnal temperature range (DTR) at Las Vegas 
decreased throughout the 55-year study period.  There was no significant trend in DTR at DGR. 
 
4.2 DEWPOINT TRENDS 
 
Three dewpoint statistics were calculated for each day: the mean, maximum, and minimum value for the 24-hour 
period.  In just 55 years, the mean annual dewpoint temperature increased by over 4°C, while the numbe r of days 
with an hourly dewpoint temperature ≤ -15°C (roughly the 10 th percentile value for the study period) decreased 
markedly (Fig. 3).  The number of days with an hourly dewpoint temperature above various ‘humid’ thresholds 
(e.g. 10°C, 15°C, etc) did not increase.  Therefore , the observed dewpoint increase occurred by dry to ‘normal’ 
days becoming more humid, while humid days did not experience a similar trend.   
 
In 1999, the hourly dewpoint values at Las Vegas became suspect.  The normal pattern of a maximum (minimum) 
in dewpoint temperature occurring during the morning (afternoon) hours reversed after 1998.  This change was 
observed for each of the non-winter months.  The colder months of the year were unaffected by this problem.  
Personnel at the Las Vegas National Weather Service corroborate that the sensor was unreliable after 1998, but 
believe the pre-1999 values are cogent.  Accordingly, dewpoint temperatures for the period 1999-2003 were 
replaced by the Las Vegas-CEMP record.  While this is undesirable given the discontinuity it produces, it is clear 

Figure 2.  Annual minimum temperature at Las 
Vegas, Nevada.  A linear least-squares fit to the 
data was applied and is significant at the 99.9% 
level. 

Figure 3.  Number of days per year with an hourly 
dewpoint temperature ≤ -15°C.  A gaussian curve 
was applied to the data. 
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that dewpoint temperatures were increasing well before the instrument error.  In 2005, the dewpoint sensor at 
McCarran International Airport was replaced.  A comparison of the CEMP Las Vegas station and the McCarran 
location for 2005 reveals that the CEMP data are quite comparable.  Thus, the CEMP data for 1999-2003 can be 
used in place of the McCarran data with confidence that this station is representative of the airport location. 
 
4.3 INCREASED HEAT STRESS 
 
The annual number of hours ≥ 100°F (37.8°C ) has increased by 33% since 1949, which amounts to an additional 
115 hours per year.  Expressed another way, there is now an additional 75 minutes per summer day with a 
temperature above 100°F compared to just 55 years a go.  Due to increasing dewpoint temperatures and the UHI 
effect, the number of hours above various heat indices have increased at a faster rate than comparable air 
temperature thresholds.  For instance, the number of hours with a heat index ≥ 100°F increased at a rate of 24.9 
hours per decade compared to 20.1 hours per decade for the ambient air temperature above this threshold.   
 
While representing a high level of potential human thermal discomfort, the 40°C air temperature thresh old is also 
an important indictator of thermal stress on plants.  Exposure to temperatures above 40°C can have a ne gative 
impact on photosynthesis of many plants within a desert environment (Farrar and Williams 1991, Baker et al. 
2002).  Urban warming since 1949 has increased the number of hours ≥ 40°C from 126 to 196 per year, a 55.5% 
increase.  A simiar pattern was observed for heat indices ≥ 40°C (104°F).  From 1949-1988, Las Vegas averaged 
just 16 hours per summer with a heat index ≥ 40°C;  between 1989 and 2003, the average value wa s 56 hours.  
 
4.4 DECREASED COLD STRESS 
 

Due to a marked increase in minimum temperature, cold 
stress in Las Vegas has decreased as measured by the 
number of hours ≤ 0°C and 4°C (Fig. 4), which represent the 
freeze and frost threshold, respectively.  Hours ≤ 4°C 
decreased at a rate of 91 hours per decade, while hours 
below freezing decreased at 39 hours per decade.  As seen 
in Fig. 4, there used to be 200 to 350 hours per year with 
temperatures ≤ 0°C in Las Vegas.  In fact, in 1949, over 700 
hours below freezing were recorded;  this data point was 
removed from Fig. 4 as it represents an extreme outlier.  
Overall, urban warming is likely having a mixed impact on 
vegetation in Las Vegas.  While less effective photosynthesis 
occurs with excessive heat, the considerable reduction in 
frost and freeze events leads to enhanced productivity of 
evergreen species and encourages introduction of subtropical 
and tropical plants in the city (Baker et al. 2002). The latter 
point is especially important given the ‘oasis effect’ many 
hotels and residents create in this desert city. 

 
4.5 DEGREE-DAYS 
 
Urban warming since 1949 has increased the number of cooling degree-days (CDD) from 2,845 to 3,520, a 
23.7% increase.  Conversely, heating degree-days (HDD) decreased from 2,683 to 1,937, a 27.8% decrease.  At 
the beginning of study period in 1949, approximately equal amounts of CDD and HDD occurred per year, 
reflecting the tendency for relatively cold winters and hot summers.  However, since 1990, 64% of the degree-
days have been devoted to cooling. In contrast, there is no trend in either CDD or HDD at nearby DGR.  This 
suggests urbanization is the primary control on degree-days in Las Vegas, not regional climate change. 
 
4.6 SYNOPTIC VARIABILITY AND BIOCLIMATIC TRENDS 
 
The probability of a minimum temperature ≤ 0°C in Las Vegas decreased in association with each  SSC weather-
type, whereas a significant increase in freeze probability occurred at DGR with two weather-types (Table 1).  This 
suggests that urbanization in Las Vegas has changed the local climate compared to the regional signal. 
 
Notably, the number of winter and spring polar weather-types has decreased at Las Vegas since the PDO phase 
change in 1976-1977 (e.g. Miller et al. 1994).  As a result, more moderate (DM, MM) and tropical (DT) weather-
types have occurred in Las Vegas.  Because the SSC dataset is derived from surface meteorological data, 
including temperature, a thorough analysis of the air-mass trends was performed.  In summary, it does not appear 
that urbanization has changed the categorization of weather-types in Las Vegas.  This is most strongly supported 
by the fact that trends in weather-type only occurred in winter, and spring to a lesser extent; no SSC trends were 
observed in summer or fall.  Yet, urban warming occurred in every season.  In addition, the SNHT was applied to 

Figure 4. Number of hours ≤ 4°C (solid) and 0°C 
(dashed) at Las Vegas.  A linear trend was 
applied to both series. 
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time series of winter DP and DM+DT days.  This test indicates that a discontinuity in the time series of winter DP 
(and DM+DT) events occurred beginning with the winter of 1976-1977.  After peaking in the early 1980s, the 
number of winter days with a DM or DT weather-type actually decreased while population in Las Vegas increased 
from 500,000 to 2 million.  If urbanization were ‘creating’ synoptic variability in the SSC dataset, the period of 
rapid urbanization and concomitant temperature increase since 1990 should have the strongest trends in 
weather-types.  However, this is not the case.   
 
 Table 1.  Probability of a minimum temperature ≤ 0°C at DGR and Las Vegas 
 In association with six weather-types. 

Station Period DM DP DT MM MP TR 

1949-
1976 

67.0 96.5 32.3 12.0 87.8 52.2 
DGR 

1977-
2003 

69.6 97.2 38.1* 23.2** 82.1 49.7 

1949-
1976 

30.5 85.6 7.5 3.6 60.5 35.6 Las 
Vegas 1977-

2003 
17.2** 69.0** 1.6** 0.0** 39.3** 11.6** 

 * Significant at 95% level; ** Significant at 99% level 
 
5. CONCLUSIONS 
 
Urban warming has increased minimum temperatures by 3-4°C in Las Vegas, leading to 500 fewer hours per year 
with minimum temperatures ≤ 4°C.  In addition, below freezing temperatures in Las Vegas are now extremely 
uncommon.  Not surprisingly, the UHI effect has had a deleterious impact on human and plant heat stress as 
indicated by the dramatic increase in hours above 37.8 and 40°C.  Moreover, a significant increase (de crease) in 
the number of CDD (HDD) was observed at Las Vegas.  However, at the nearby rural DGR station, none of the 
above trends was observed.    
 
Except for winter, synoptic variability is not a significant factor in the observed climate trends.  Overall, the 
concurrent analysis of SSC and meteorological data for DGR and Las Vegas revealed that synoptic variability is 
responsible for approximately half of the observed dewpoint and minimum temperature increase in winter.  This is 
because fewer polar weather-types have occurred in the last three decades.  However, throughout the rest of the 
year, variability in weather-types accounts for only 0-20% of the observed bioclimatic trends.  Therefore, the data 
suggest that urbanization, not regional synoptic variability, is the main driver of bioclimatic change in Las Vegas. 
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Abstract 

 

Even though synoptic conditions favour the event of an intense urban heat island (UHI), some northerly 

type advections also lead to an intense one in Barcelona (Moreno, 1994). This is demonstrated using a 

new regional teleconnection pattern at daily resolution, the Western Mediterranean Oscillation (WeMO) 

(Martin-Vide and Lopez-Bustins, 2006), as its positive phase is mainly defined by northwestern advections. 

The most significant correspondence is found in winter and autumn. 

 

Key words: Barcelona, UHI, north advection, Western Mediterranean Oscillation.  

 

1. INTRODUCTION 

 

It is well-known that some weather-types and synoptic patterns (e.g. anticyclonic situations) enhance the 

urban heat island (UHI), especially its intensity. In this sense the synoptic and the local meteorological 

scales are linked. The annual mean temperature in Barcelona city (1.5 million inhabitants, and 3 including 

its metropolitan area) is 1.5ºC over the corresponding one in its airport located southward. The maximum 

intensity of the Barcelona UHI, as the largest difference between daily minimum temperatures records in 

the downtown and in the airport, has reached 8ºC (Moreno, 1994), as should be expected for an European 

city with the above-mentioned population. In the present work the possible relationship between the 

Western Mediterranean Oscillation (WeMO), a new low-frequency pattern, with some daily “potentialities” 

(Martin-Vide and Lopez-Bustins, 2006), and the intensity of the Barcelona UHI is investigated.  

 

2. OBJECTIVE, DATA AND METHODOLOGY 

 

The aim of this research is to demonstrate by means of a regional teleconnection pattern at daily 

resolution that north advections over Barcelona region increase its UHI intensity (Moreno, 1994). The 

novelty of this study is in both directions: 1) The performance of relationships between UHI intensities and 

a regional teleconnection pattern as the WeMO, which is defined by means of the dipole Azores high-

Ligurian low (positive phase); 2) The use of a low-frequency pattern at daily resolution. Actually, WeMO 

potentialities at daily resolution have been already checked by other meteorological phenomena as 

torrential rainfall (Martin-Vide and Lopez-Bustins, 2006) or sea-breeze occurrence (Azorin-Molina and 

Lopez-Bustins, 2006). Hence, this study continues the research of establishing new applications of the 

daily WeMO index (WeMOi) to other daily variables as UHI intensity.  

 

In order to understand easier how the WeMO operates, a simple draft is displayed in figure 1. When a low 

is well settled in western or central Europe, WeMO shows its positive phase. In this case the most frequent 

flows are NW advections over Iberian Peninsula. But, if a low replaces Azores anticyclone in the gulf of 

Cadiz, a negative phase takes place implying east and south advections over the Mediterranean Iberian 

                                                 
* Correspondence to: mcmoreno@ub.edu, jlopezbustins@ub.edu / Baldiri Reixac s/n 08028 Barcelona 
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fringe. Eventually, there is a neutral phase when an anticyclone bridge is established on the western 

Mediterranean basin. Some exceptions, however, are included in this phase: NE and SW winds (López-

Bustins and Azorín-Molina, 2004). The WeMOi is defined by the difference between the standardised 

surface pressure values recorded at two points of the barometric dipole: San Fernando (SW Spain) and 

Padua (NE Italy). The transect between them fits closely with the eastern Iberian coast with a SW-NE 

orientation.  

 

Figure 1.  The WeMO transect, the points of the barometric dipole and Barcelona location. 

 

 

 

For assessing the Barcelona UHI, minimum temperatures are used from two meteorological stations, one 

in the ancient centre next to the harbour, ‘Drassanes’; and the other one, in ‘El Prat’ airport, located in 

Barcelona surroundings. Both are close to the sea and at a similar height above it. The distance between 

them slightly surpasses the 15 kilometres. The period study is from 3rd July 1970 to 19th February 1984. 

Thus, 4.980 minimum temperature differences are calculated, which will be corresponded individually with 

one daily WeMOi value in order to find some relationship. The minimum temperature difference is known 

to represent the maximum UHI intensity of each day, although it is probably underestimated as the 

maximum temperature difference between the centre and the surroundings usually occurs few hours after 

the sunset. 

 

3. ANALYSES AND RESULTS 

 

It is already checked the occurrence of strong UHI intensities in anticyclone situations, but this study tries 

to demonstrate that northwestern advections lead to intense UHIs too in the case of Barcelona. Cool and 

dry air masses favours that the temperatures decrease more rapidly in the countryside than in Barcelona 

downtown. Therefore, it must be selected those days with an intense UHI to be related to extreme positive 

WeMOi phases. The fixed threshold is an UHI intensity ≥ 5 ºC. Consequently, the sample is reduced to 

458 days. 

 

Once it has been attributed to each day a daily WeMOi value, two WeMOi value means are worked out. 

One is performed for the days of the whole period, 4.980 cases, and another one for those days with an 

intense UHI, 458 cases. The analysis is performed for the entire year, and for each season. In winter, the 

highest frequency of intense UHIs takes place (16.2 % of the winter days), doubling the number of cases 

in other seasons. The second season with a highest frequency of intense UHIs is autumn (7.6 % of the 
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days). Actually, this fits with what Moreno (1994) pointed out about the decrease of the UHI phenomenon 

in spring and summer in Barcelona.  

 

It is in winter when a highest mean of the daily WeMOi values is obtained. Nevertheless, autumn has the 

largest difference between the means as the mean of the whole period is slightly negative due to the 

frequent occurrence of Mediterranean storms with easterly flows. These ones are characterised by 

overcast skies, high relative humidity and moderate or strong winds, which mitigate the UHI development.  

 

For the entire year, there is also a significant difference. Summer is the only with means very close as 

north advections are not common in this season. Spring has a slight negative mean for the days with an 

intense UHI with a weak significance. To sum up, once again autumn and winter are demonstrated to be 

the most sensitive seasons to an intense UHI occurrence (Table 1). 

 

Figure 2 is displayed in order to show that in the extreme positive WeMOi values both in winter and in 

autumn, the % of the days with an intense UHI are significantly increased. But, it is also seen in a neutral 

WeMOi phase, which is mainly represented by flat barometer situations, the increase of intense UHIs 

frequency. Consequently, two peaks are drawn by the graphic line, one in the intervals around 0, and the 

other along the extreme positive values. In these intervals, the days with an intense UHI are more 

concentrated in percentage than considering the whole sample. 

 

Table 1. Comparison of the WeMOi means of the days of the whole period and days with an intense UHI 

annually and seasonally. Confidence interval of the sample mean is displayed (The underlined WeMOi 

means with a UHI intensity ≥ 5 ºC are those ones which are significantly different to the WeMOi means of 

the whole period; those differences between the means in bold are the largest ones).  

 

Days of the whole 

period 
Days with a UHI intensity ≥ 5 ºC  

 

 
Cases 

WeMOi 

mean 

Cases (% of the 

whole period) 

WeMOi mean / (Confidence 

interval at 95 %) 

Difference 

between 

the means 

Annual 4.980 0.0381 458 (9.2 %)  
0.3177 / (0.3124, 0.3230) 

 
+0.2796 

Winter 1.254 0.3074 203 (16.2 %) 0.6293 / (0.6164, 0.6422) +0.3219 

Spring 1.196 0.0518 86 (7.2 %) -0.0349 / (-0.0646, -0.0052) -0.0867 

Summer  1.256 -0.0963 72 (5.7 %) -0.0833 / (-0.1088, -0.0578) +0.013 

Autumn  1.274 -0.1075 97 (7.6 %) 0.2758 / (0.2522, 0.2993) +0.3833 

 
 

Figure 2.  % distribution of the WeMOi values of the days for both samples in winter and autumn. % of the 

days with a UHI ≥ 5 ºC in the total is calculated for each interval. 
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4. CONCLUSIONS  

 

� The daily WeMOi has a new meteorological phenomena, UHI, to be applied. 

� An intense UHI (≥ 5ºC) takes place in Barcelona in almost 10 % of the days in the study period. 

The highest frequency is in winter and autumn. 

� An intense UHI is sensitive to occur under anticyclone conditions (neutral WeMOi phase), but 

also under northwestern advections (positive WeMOi phase) as it is seen in the annual analysis. 

� Although winter season reaches the most positive WeMOi mean with intense UHI days, it is in 

autumn when there is a largest difference between the means due to the Mediterranean cyclones 

being very frequent at this season (negative WeMOi phase). 
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Abstract * 
 
Cloudiness records from 5 Spanish cities and their airports covering the period 1972-2004 are compared to detect 
a possible urban-induced weekly cycle. Analysed variables are low-level cloud cover amount (in oktas) and 
relative frequency of cloud types. Results are not conclusive, but a slight increase in both low-level cloudiness 
and frequency of low-level stratiform clouds has been found in the urban centers during weekdays. This cycle is 
more evident at the two biggest cities (Madrid and Valencia).  
 
Key words:  cloud types, Spain, total low cover, urban effect, weekly cycle. 
 
 
1. INTRODUCTION  
 
Cloudiness plays an important role in climate processes, although some uncertainties about its radiative effect 
and its contribution to the global warming remain. Climatic analysis of cloudiness is not easy due to the scarcity of 
long and homogenous series, and because of the subjectivity of standard cloud observations. Moreover literature 
does not provide any specific procedure or method for checking the quality and the homogeneity of cloudiness 
series. 
 
Nevertheless, significant changes of cloudiness (total cloud cover, low-level clouds, and frequency of clouds 
genera) have been detected in the last decades (Sun and Groisman, 2000; Sun et al., 2001; Keevallik and 
Russak, 2001). On the other hand the influence of cities on cloudiness is recognized since Landsberg (1981), 
who summarized that urban areas could increase total cloud cover in 5-15% and fog frequency between 20-30% 
in summer and 100% in winter.   
 
2. DATA AND METHODOLOGY  
 
In this study cloudiness records from 5 Spanish cities and their airports (Mediterranean climate cities: Alicante, 
Madrid and Valencia; Atlantic climate cities: A Coruña and San Sebastian), covering the period from 1972-2004 
with 3-daily observations (7, 13 and 18 UTC), are compared statistically to study a possible weekly cycle. The 
analysed variables are low-level cloud cover amount (in oktas) and relative frequency of cloud types. The latter 
are classiffied following the well-known 10 genera (WMO, 1975, 1987) and grouped into 4 families –high clouds 
(Ci, Cs and Cc), middle clouds (Ac and As), low stratiform clouds (St, Sc and Ns) and vertical clouds (Cu and 
Cb)– (Sun et al., 2001). The grouping mitigates the inhomogeneities coming from problems with genera 
identification.  
 
The statistical significancy of the checked weekly cycles was verified by the χ2 test. The null hypothesis (H0) is 
that there are no significant differences between days of the week as far as cloudiness is concerned; while the 
alternative hypothesis (H1) accepts the existence of significant differences in the weekly distribution, to a 
significant level α= 0.05 (95%). 
 
3. RESULTS AND DISCUSSION 
 
3.1. Weekly variation of the low cloud cover 
 
The analysis of the distribution of the mean values of low-level cloud cover (oktas) has detected a similar weekly 
evolution in the five considered cities (A Coruña, Alicante, Madrid, Valencia and San Sebastian). This weekly 
evolution constitutes the main hypothesis of this study, and is as follows: 1) maximum amounts of total low cloud 
cover are concentrated on the days of maxim urban activity, namely between Monday and Friday, and 2) absolute 
minimum values are reached on the last days of the week, preferably in Saturday or Sunday (Table 1). In Madrid-
City (Figure 1A) the maximum takes place on Wednesday, with an average of 2.44 oktas (+1.84% with respect to 
the all-days average value), while the minimum is recorded on the weekend, with 2.32 oktas (-2.99%) on Sunday 
and a secondary minimum of 2.37 oktas (-1.24%) on Saturday. In Valencia-City the maximum moves to Monday, 
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with 1.81 oktas (+2.52%), while the minimum appears between Friday and Saturday, with 1.72 (-2.60%) and 1.73 
(-2.33%) oktas respectively. In the city of San Sebastian the maximum is reached on Wednesday and Thursday, 
with 4.08 oktas (+1.25%), and the minimum on Saturday, with 3.96 oktas (-1.8%). In A Coruña-City, the maximum 
registers on Wednesday and Friday, with 3.73 oktas (+1.18%), and the absolute minimum on Sunday, with 3.62 
oktas (-2.03%). Alicante-City presents a maximum on Wednesday with 1.24 oktas (+4.93%) and an absolute 
minimum of 1.14 oktas (-3.46%) on Friday. Note that the quite different cloud cover values among the considered 
cities correspond to their position in different climatic areas. 
         
This weekly cycle in the low cloud cover has also been detected in the corresponding airports. The differences 
found are less marked, which indicates that airport stations cannot be considered as rural areas (without urban 
effect), and reinforces the idea of a possible urban effect on the low-level cloudiness. 

 
Table 1. Mean low cloudiness (oktas) according to the day of the week for the different cities and airports. 
Maximum value (dark grey) and minimum value (light grey). 
 
When applying the χ2 test to each one of the matrices of absolute frequencies of cloud cover (9 categories, from 0 
to 8 oktas) as function of the 7 days in the week, the result is that for data from Madrid (city and airport), Valencia 
(city), Alicante (city), and A Coruña (airport) the alternative hypothesis (H1) is significant at the level α= 0.05 
(95%). That is, the existence of a statistically significant weekly cycle must be admitted at those sites. 

 
3.2. Weekly variation of the cloud-type frequency 
 
Having seen the weekly behavior of total low-level cloudiness, an attempt hat been performed to study similar 
cycles for cloud-type relative frequencies, where cloud types were grouped as above explained. Although the 
focus is in evaluating the possible urban impact on cloudiness (limited a priori to the low levels of the 
troposphere), the inclusion of middle and high cloud families has been considered adequate. The latter clouds 
can provide indirect information about low cloudiness (since the greater the low cloudiness, the greater the 
difficulty to observe higher levels, and vice versa). Vertical and middle clouds groups do not show any defined 
weekly variation, displaying a quite different behavior even between some cities and their corresponding airports.            
 
However, for low stratiform clouds (Table 2) a coincident weekly cycle in Madrid-City, Valencia-City (Figure 1B) 
and San Sebastian-City is detected. Madrid and Valencia are again the cities that have a more marked weekly 
cycle in the frequency of low stratiform clouds. For both cities the relative maximum frequency is detected on 
Wednesday, with 21.6% (+3.89% with respect to the average value) for Madrid and 28.2% (+2.88%) for Valencia. 
The minimums in the relative frequency of low stratiform cloud are detected on Sunday, with 19.7% (-5.60%) in 
Madrid and 26.2% (-4.70%) for Valencia. In San Sebastian this behavior is not so defined, since the maximum is 
reached on Wednesday and the minimum is reached between Friday and Sunday. When applying the χ2 test 
(2x7) between the frequencies of low stratiform clouds and all other genera together, only the cycles obtained for 
Valencia-City, A Coruña-Airport and San Sebastian-Airport are meaningful to a significant level of 95%. However, 
A Coruña-Airport and San Sebastian-Airport do not present a pattern that distinguishes between weekdays and 
weekend. 
 
When analyzing high clouds, a weekly cycle is also detected at some stations (Table 3). This cycle corresponds 
to a marked increase of high clouds observations on weekends. This pattern is more evident in Madrid-City, 
Valencia-City and A Coruña-City, although it is also visible in their airports. Alicante (city and airport) has a similar 
temporary pattern: Monday has the maximum high cloud frequency, with secondary maximums between Friday 
and Sunday. In San Sebastian (city and airport) this behavior is not detected. When applying the χ2 test (2x7)  
between the absolute frequencies of high clouds and all other genera, the changes between the days of the week 
are considered significant in Madrid (city and airport), Valencia (city and airport) and Alicante-City (Figure 1C). 
 

Madrid Valencia Alicante A Coruña San Sebastian  
City Airport City Airport City Airport City Airport  City Airport 

Monday 2.43 2.27 1.81 1.76 1.15 1.29 3.70 3.44 4.05 4.05 
Tuesday 2.40 2.23 1.78 1.71 1.22 1.30 3.64 3.54 4.07 4.01 

Wednesday 2.44 2.25 1.79 1.74 1.24 1.33 3.73 3.48 4.08 4.04 
Thursday 2.39 2.20 1.79 1.71 1.15 1.29 3.70 3.55 4.08 4.04 

Friday 2.41 2.24 1.72 1.68 1.14 1.21 3.73 3.48 4.01 4.02 
Saturday 2.37 2.18 1.73 1.66 1.17 1.31 3.71 3.40 3.96 4.00 
Sunday 2.32 2.21 1.76 1.69 1.20 1.28 3.62 3.43 3.98 3.88 
Mean 2.40 2.23 1.77 1.71 1.18 1.29 3.69 3.47 4.03 4.01 
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Madrid Valencia Alicante A Coruña San Sebastian  
City Airport City Airport City Airport City Airport  City Airport 

Monday 20.5 28.5 27.3 27.2 22.3 20.0 32.8 41.9 37.9 39.5 
Tuesday 21.3 28.6 28.0 27.5 23.3 20.9 32.7 43.4 37.8 38.9 

Wednesday  21.6 28.6 28.2 28.2 23.3 21.0 32.9 41.3 38.9 40.1 
Thursday 21.0 27.6 28.0 28.0 23.0 20.5 32.7 42.9 37.9 40.2 

Friday 20.8 27.7 27.6 27.7 22.7 20.2 33.1 43.6 37.5 38.8 
Saturday 20.8 28.0 26.9 26.9 22.9 20.0 33.0 42.6 37.6 40.3 
Sunday 19.7 27.8 26.2 27.6 22.9 20.5 32.8 42.2 37.7 38.4 
Mean 20.8 28.1 27.4 27.6 22.9 20.5 32.9 42.4 37.9 39.4 

 
Table 2. Weekly low stratiform clouds frequency (%) in the cities and airports. Maximum frequency (dark grey) 
and minimum frequency (light grey). 
 

Madrid Valencia Alicante A Coruña San Sebastian  
City Airport City Airport City Airport City Airport  City Airport 

Monday 25.2 20.2 24.5 22.9 31.8 30.5 14.5 10.1 12.3 11.9 
Tuesday 24.2 20.5 23.7 23.2 29.0 29.2 14.6 10.1 12.4 12.2 

Wednesday  24.7 20.7 23.3 21.7 28.1 29.1 13.9 9.3 12.4 11.2 
Thursday 24.8 21.9 23.1 22.5 29.4 29.4 14.7 10.2 12.1 12.2 

Friday 25.3 21.6 25.1 23.6 30.9 29.9 14.2 10.1 12.8 11.6 
Saturday 26.2 22.1 25.4 23.6 30.0 30.0 14.8 10.4 13.1 11.9 
Sunday 27.5 21.5 25.7 23.6 29.8 29.3 15.3 10.9 12.2 11.7 
Mean 25.4 21.2 24.4 23.0 29.9 29.6 14.6 10.2 12.5 11.8 

 
Table 3. Weekly high clouds frequency (%) in the cities and airports. Maximum frequency (dark grey) and 
minimum frequency (light grey). 
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Figure 1. A- Weekly distribution of low cloud amount (oktas) in Madrid-City. B- Weekly stratiform clouds frequency 
(%) in Valencia-City. C- Differences (%) relative to the mean value of the high cloud frequencies in Madrid, 
Valencia, and Alicante (cities). 
 
 
3.3. Discussion  
 
The study of the urban effect on cloudiness in the recent years has experienced a rise due to  the development of 
remote sensing systems (Angevine et al., 2003; Jin et al., 2005), although in general, their temporal resolution is 
limited. Landsberg (1981) pointed out the existence of an increase of total cloudiness in the cities in the range of 
10%-15%, that could be as large as 100% for low stratiform clouds (fog). Chen et al. (2003) found that total 
cloudiness in Shangai city was greater (+0.2 tenths) than in its suburban area. This latter study established a 
direct relation between urban activity (greater power consumption) and increase of cloudiness and reduction of 
visibility (turbid island). 
 
In principle, the urban influence on the boundary layer should have to limit itself to some modifications in low 
clouds: stratiform (St, Sc, and Ns) or convective (Cu and Cb). In 5 out of the 10 analyzed series it has been 
confirmed that there is a significant weekly variation in the low cloud cover (oktas). The cycle shows maximums of 
low cloudiness during weekdays and minimums at weekend. Even so, this cycle is not assessed as statistically 
significant, except for Valencia-City. Consequently, our results can not be considered conclusive for the five 
Spanish cities. It seems reasonable to assign certain guarantees to the weekly cycle in the city of Valencia, with 
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differences that exceed 5% for low cloudiness and the 7.5% for stratiform clouds between the central days of the 
week and the weekend. 
 
In addition to the possible impact on low cloudiness, evident variations throughout the days of the week in high-
level clouds for the cities of Madrid, Valencia and Alicante (which are precisely the cities placed on Mediterranean 
climate areas) have been detected. This behavior could be indirectly linked to changes in low cloudiness due to 
urban influence (the minor low cloudiness during the weekend enhances the possibility of observing high cloud 
genera because the minor probability of hiding). However, the corresponding cycle has not been detected when 
analyzing directly the groups low-level cloud types (stratiform and verticals clouds). Another hypothesis to explain 
the high-level clouds weekly cycle is that there is greater visibility during weekends due to the lower 
concentrations of air pollutants. And a third hypothesis is that variations in the aerial traffic (with its corresponding 
contrails), with possible maximums of activity concentrated on weekend (Arlander et al., 2002), produce the 
detected variations in high clouds. 
 
 
4. CONCLUSIONS 
 
The possible urban impact on cloudiness has been studied from the analysis throughout the days of the week in 
five Spanish cities and their airports. Although the obtained results cannot be considered conclusive, there is a 
slight increase of the low cloudiness in the urban centers during the weekdays. The more evident weekly cycles 
have been detected in the two biggest cities (Madrid and Valencia). The airports present a similar evolution to the 
urban centers. The classification in cloud families has revealed a slight increase of stratiform clouds in the 
weekdays. This behavior could be due to greater number of hygroscopic condensation nuclei. Although the urban 
impact should be limited to the low levels of the troposphere, the more evident weekly cycles have been found for 
high clouds, which show a clear increase on weekend. This evolution could be the result of minor frequency of 
low clouds, of improved visibility related with a better air quality, or of variations of air traffic (and its induced 
contrails). 
 
It is necessary to continue studying the possible urban influence of Spanish cities on cloudiness for better 
addressing the study of temporal evolutions in the last decades (with the goal of detecting climatic and nonurban 
variations signals). Although Sun et al. (2001) and Chen et al. (2003) alerted about the fictitious trends of 
cloudiness in cities, this aspect is in general poorly treated by investigations on cloudiness trends unlike what  
happens with other climatic variables (temperature), where the correction of urban effect is critical when 
establishing trends. 
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Abstract 
 
Three sample sites with different urban structures were chosen for studies of thermal sensation during the heat 
wave year 2003 in the City of Berlin. Meteorological, urban morphology and personal data were used for the 
modelling of the thermal index physiological equivalent temperature and the mean radiant temperature using the 
program RayMan.  
During summer 2003 air temperature values were higher than the average of the years 1998-2004, with summer 
days and hot days already in June. Analyses of the Physiological Equivalent Temperature show clear differences 
between the different sites due to varying shading and radiation effects following from building structure and 
vegetation.  
 
Key words:  Physiological Equivalent Temperature, Thermal comfort, Berlin 
 
1. INTRODUCTION  
 
Street canyons, sealed surfaces and the lack of green spaces are of interest during heat waves because of their 
strong contribution to the urban heat island. Extreme weather conditions have a prejudicial effect on the urban 
population, especially on risk groups, e.g. ill and elderly persons. Meteorological data and information about 
building structure and vegetation of specific urban structures have been used in order to quantify thermal stress 
on human beings in a humanbiometeorological manner. Of special interest for this investigation are the summer 
months of the year 2003 because of their extraordinary impact on population with tens of thousands of deaths all 
over Europe.  
 
2. AREAS OF INVESTIGATION   
 
In the City of Berlin different types of land use and urban structure can be distinguished: e.g. late 19th-century 
block and block-edge development in the city center, villa development with park-like gardens, low buildings with 
yards, parks, large woods and lakes.  
Heat stress conditions on urban population have been examined and compared at three locations with differences 
in building structure and vegetation. 
 
2.1 Alexanderplatz 
 
It is an esplanade situated in the city center of Berlin. The surrounding buildings are between 12 m and 128 m 
high. This place is characterized by its completely sealed surfaces and the lack of vegetation. Only few trees can 
be found here. As can be seen in Figure 1a), only small areas are shaded at noon in August. 
 
2.2 Potsdamer Platz 
 
Area of interest is the Quarter of DaimlerChrysler, a densely built-up area situated in the city center. The generally 
35 m high buildings are overtopped by two higher constructions. The streets and pavements are completely 
sealed. The radiation fluxes are mostly influenced by narrow street canyons and trees of different heights that 
create extended shadowed areas during most of the day, as can be observed in Figure 1b). Arcades protect 
pedestrians against climatic influences like wind, solar radiation and rain. Potsdamer Platz is located close to the 
biggest park of the city, the Tiergarten, which exerts an influence on this quarter by generating cold, fresh air at 
night.   
 
2.3 Dahlem 
 
Dahlem is a suburb region situated in the southwestern part of Berlin. It can be characterized as an area with villa 
development and park-like gardens, where buildings and trees are about 10 – 12 m high. The high amount of 
vegetation in form of trees (coniferous and deciduous trees), bushes and lawn is characteristic for this 
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neighborhood. Figure 1c) shows one street in this suburb with its typical building structure and the shaded areas 
at 1 pm in August.  
 

a) b) c) 
 
Fig. 1: Shadowed areas (13:00 h, 13th August) at Alexanderplatz (a), Potsdamer Platz (b) and Dahlem (c) 
 
3. METEOROLOGICAL DATA AND DATA EVALUATION 
 
As meteorological input data were used: air temperature Ta (°C), relative humidity RH (%), wind speed WS (ms -²) 
and global radiation G (Wm-²) of the weather stations Berlin-Alexanderplatz and Berlin-Dahlem, provided by the 
German Weather Service (DWD) and the Institute of Crop Science of the Humboldt-University of Berlin. These 
data are available as daily values and as measurements at 07:00 h and at 13:00 h for the years 1998-2004.  
Due to missing global radiation values at the sample site Alexanderplatz, data measured in Dahlem were used for 
this study area.  
These meteorological data, together with urban morphology and personal data, were used for the calculation of 
the Mean Radiant Temperature Tmrt and the Physiological Equivalent Temperature PET with the program RayMan 
(Matzarakis et al., 2000). The obtained PET values were evaluated regarding the frequency of the different 
grades of thermal stress in the summer months May to September 2003.  
 
4. SUMMER 2003 
 
A stable and exceptional persistent high pressure system over Western Europe was responsible for the heat 
waves that affected many countries and caused tens of thousands of deaths all over the continent. The following 
two chapters have a look on the air temperature and on the thermal index Physiological Equivalent Temperature 
(PET).  
 
4.1 Air temperature  
 
Comparing the air temperature at noon of the months May to September of 2003 with the mean values of the 
years 1998 till 2004 the anomaly of this year can be seen easily. Already in the first half of June, some summer 
days (Ta > 25 °C) and even a few hot days (T a > 30 °C) have been registered. In July as well a l onger period of 
warm days has been observed. Outstanding are the first two weeks of August with daily maximum temperatures 
exceeding the 25 °C.  
The figure 2 shows as well the differences between the air temperature in 2003 and the mean values calculated 
for the years 1998 till 2004. Although some cooler days were measured, differences up to 10 °C were re ached 
during most part of the investigation period.  
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Fig. 2: Maximum air temperature at Alexanderplatz in 2003 and mean of 1998-2004  
 
4.2 Physiological Equivalent Temperature  
 
Figure 3a) illustrates the number of days the modeled PET exceeds at 07:00 h. Only few days lay within the range 
of thermal comfort (18 °C < PET < 23 °C). For the ma jority different grades of cold stress (PET < 18 °C) were 
calculated. The number of days exceeding different PET at noon is shown in Figure 3b). Strong differences 
between the sites regarding the development of PET during the morning hours can be observed.  
Alexanderplatz shows in the morning highest values in all categories. This is due to the high amount of irradiation 
during these hours. Additionally, the heat storage in walls and streets contribute to the higher temperatures. For 
13:00 h about 36 days with moderate and strong heat stress were calculated.  
At Potsdamer Platz the input of insolation during the day is only low. But the shading effect of the buildings is 
cancelled out by the heat storage in the narrow street canyons, resulting in some days with thermal comfort in the 
morning. During the day only few days with heat stress result out of these effects. 
The most significant changes are observed in Dahlem. The high amount of thermal radiation at night, the 
evapotranspiration and the shading effects of the trees resulted in cool and cold sensations at 07:00 h. Especially 
during sunny days the irradiation increased noticeably during the morning, leading to high Tmrt (during some of the 
days higher than at Alexanderplatz) and higher relative humidity, deriving from the evapotranspiration. The human 
body in this area was exposed to moderate and strong heat stress on 25 % of the days.   
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Fig. 3:  Exceedance of different grades of thermal sensation in the morning (a) and at noon (b)  
 
As seen above, the diverse urban structures have varying influences on the development of PET. Figure 4 shows 
the calculated values of PET at noon during summer 2003 at the sample sites Alexanderplatz and Potsdamer 
Platz. Clear differences up to 10 K could be observed between the open place with its unrestricted radiation on 

b) a) 
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the one hand and the shaded street canyon on the other. The values of Tmrt, as the most important input for the 
energy balance during sunny weather conditions, show even more significant differences. These were as high as 
15 K  – 20 K, due to the different irradiation. 

5

10

15

20

25

30

35

40

1.
5.

03

8.
5.

03

15
.5

.0
3

22
.5

.0
3

29
.5

.0
3

5.
6.

03

12
.6

.0
3

19
.6

.0
3

26
.6

.0
3

3.
7.

03

10
.7

.0
3

17
.7

.0
3

24
.7

.0
3

31
.7

.0
3

7.
8.

03

14
.8

.0
3

21
.8

.0
3

28
.8

.0
3

4.
9.

03

11
.9

.0
3

18
.9

.0
3

25
.9

.0
3

date

P
E

T
 (

°C
)

Alexanderplatz Potsdamer Platz

strong cool

moderate cool

slight cool

no stress

slight warm

moderate warm

strong warm

 
 
Fig. 4: Physiological Equivalent Temperature in the months May till September of 2003 at Alexanderplatz and 
Potsdamer Platz and the grade of thermal stress 
 
5. CONCLUSION 
 
Study area Date Ta max. (°C) PET max. (°C) Tmrt (°C) RH (%) Wind (m/s) 

03/08 30,9  39,8  52,3  44  0,9  Alexanderplatz 
13/08 34,6 38,3 50,8 21 6,7 
03/08 30,9 30,9 32,2 44 09 Potsdamer Platz 
13/08 34,6 34,3 35,3 21 6,7 
03/08 31,0 40,8 54,0 42 0,9 Dahlem 
13/08 33,7 37,7 52,1 33 6,7 

 
Table 1: Examples of PET and Tmrt values at the different investigation sites at two days in August 2003  
 
Examples of the resulting PET and Tmrt, using the given meteorological input data, of two days in August 2003 are 
illustrated in Table 1. Large differences between air temperature, Tmrt and consequently PET can be found in the 
open or only partly shaded places like Alexanderplatz and Dahlem, whereas shaded places (Potsdamer Platz) 
show only insignificant differences.  
The calculated differences of PET and Tmrt at Alexanderplatz and Potsdamer Platz, two sites located close to 
each other, are evidence for the high influence of the building structure and the resulting shading effects on the 
human biometeorological comfort.    
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Abstract 
 
Glacial relief with marginal differences in elevation and urban surfaces have differentiating influence on the spatial 
distribution of the mean annual amount of precipitation in Berlin and Brandenburg. The question is, how to 
separate the impact of the two mesoscale factors. The spatial distribution of precipitation was investigated on the 
basis of daily sums over 40 years at 160 stations in the research area. The data were interpolated with an inverse 
distance method and averaged to the areas of rural and urban districts. Between 1951 and 1990 the decadal 
mean precipitation decreased. The mean annual differences in precipitation between the yearly sums and the 
means of the investigation area exhibited an increase in dimension and intensity of the positive deviation in lee of 
the city. This suggests that probably the urban influenced area acts contrary to the spacious trend of precipitation 
amount. 
 
Key words: urban climate, precipitation, Berlin 
 
 
1. INTRODUCTION  
 
In connection with cities growing in area the analyses of the proportions of precipitation amount in urban 
environments is gaining in importance. Berlin is the biggest city in Germany, in the northeast of the country. Its 
administrative borders have not changed since 1920. However the build-up areas grew after the destruction 
during world war 2nd.  
 
In the investigation it was assumed that there were no significant variations in macro and micro scale during the 
period of investigation. The following factors considered influencing the mean distribution of precipitation, regional 
characteristics and spatial and temporal changes through anthropogenic surfaces and aerosols. Hendl (1969) 
pointed out that the glacially affected relief with typically small differences in elevation has a differentiating 
influence on the spatial distribution of the annual precipitation amount in Berlin and Brandenburg. The effects of 
urban heat island and of increased surface roughness over cities are plausible reasons for the occurrence of 
urban lee anomalies with increased amounts of rain and snow (Lowry 1998, Shepherd 2005). And previous 
investigations on rainfall modification in Berlin showed an area in the eastern parts that features an urban lee-
anomaly (Schlaak 1977, Graf 1979, Malberg & Frattesi 1990). This article focuses on separating the 
anthropogenic from the orographic factors to specify the urban effects on precipitation.  
 
 
2. DATA BASE AND DATA PROCESSING 
 
The spatial and temporal distribution of precipitation was investigated on the basis of daily rainfall sums over 40 
years from 1951 to 1990. Precipitation data from a 160-station network within 31.000 km² in Berlin and 
Brandenburg have been analysed (v. fig. 1). The data were measured by the German Weather Service 
(Deutscher Wetterdienst), the company Berlin Waterworks (Berliner Wasserbetriebe), the Berlin Forest 
Administrations (Berliner Forsten) and the Meteorological Institute of the Free University Berlin. 
 
To get an area-wide cover of precipitation amount the data were interpolated with a ‘quadrant method’ based on 
inverse distance interpolation. To compensate the unequal occurrence of stations in the eastern and western 
parts of Berlin every grid was calculated from the nearest station within four sectors of 90°. The valu es of the 
calculated grids were averaged on the extent of rural and urban districts to avoid artefacts. These administrative 
areas were also chosen as the smallest aggregation units because they connect a suitably scaled spatial 
reference with a definite descriptive addressability. The research area describes a circle with a radius of sixty 
kilometres around the city centre. 
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Unter den Linden 6, 10099 Berlin, Germany; e-mail: anja.pagenkopf@geo.hu-berlin.de 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

842



3. RESULTS 
 
3.1. The spatial distribution of precipitation amount 
The mean annual precipitation amount in figure 2 showed a coherent spatial minimum of 500 mm to 540 mm from 
the centre of Berlin, along the glacial valley, to the south of the city. The distinctive maxima in NW, SW and SE of 
Berlin seemed to be associated with attached recessional moraines on the flanking morainic plates in the western 
and eastern parts of Berlin. In relation to the prevailing wind directions from west and southwest a wide-stretched 
maximum over 580 mm occurred in lee of the city on the slope of Barnim heights. Especially that area could result 
from superposition of orographic enhancement on the luv exposition and urban enhancement in the downwind 
region. 
 
 

 
  

 
 

Figure 1: Distribution of the measurement sites 
in Berlin and Brandenburg 

 
Figure 2: Mean annual precipi-
tation amount in Berlin and its 
surrounding areas (1951-1990) 

precipitation amount [mm] 

 

 
 
 
3.2. Temporal changes of precipitation amount between 1951 and 1990 
Between 1951 and 1990 the average decadal precipitation exhibited a decreasing trend from 600 mm in the fifties 
over 620 mm in the sixties, 590 mm in the seventies to 570 mm in the eighties. The first twenty years, from 1951 
to 1970, were relatively rain-laden with minor differences in the spatial distribution of precipitation in the 
investigation area. In the sixties higher values emerged in the north. In the second half of the considered period 
the spatial pattern showed a dominant maximum in the eastern and northeastern parts. During the same period 
the difference increased between the minimum in central Berlin and the maximum at the slope of the Barnim 
heights, in the East. The fourth decennium was remarkably dry especially in southwest of the research area. 
 
3.3 The spatiotemporal structure of precipitation 
The anomaly of the mean precipitation sums to the precipitation mean of the investigation area was calculated to 
compare the typical decadal patterns of the mean precipitation amount independent of the humidity level.  
In the city centre, along the course of the river Spree and in the southern parts of Berlin, existed a negative 
deviation through all four decades. The identifiable maxima in the western areas of Berlin do not reveal significant 
inter-decadal differences. The positive anomaly in lee of the city exhibited an increase in dimension and intensity 
(v. fig. 3). From 1951 to 1970 the annual mean exceeded the areal mean at most 45 mm and from 1971 to 1990 
to a value of 80 mm. The precipitation in this area acted in contrary to the widespread observed trend in Berlin 
and Brandenburg. This indicates a definite bias to an amplifying contrast between the metropolitan area and the 
area that might have urban-affected rainfall. 
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Figure 3: Anomalies of regionalized precipitation sums to overall means of 
investigation area (Berlin and its surroundings) 
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4. DISCUSSION 
 
The most likely reasons for rainfall modification by urban areas are the effects of urban heat island and surface 
roughness. The growth of artificial land surfaces intensifies the possible urban effects on the amount and 
distribution of precipitation (Kratzer 1955, Goldreich & Manes 1979). From 1947 until 1990 the number of 
inhabitants of Berlin did not change significantly but the built-up area per person duplicated (SenStadtUm 2001) 
therefore an increase of the positive lee anomaly in the eastern parts of Berlin is expected over these forty years. 
 
Figure 3 shows the mean annual differences between the yearly sums of precipitation and the mean within the 
investigation area in Berlin and its surrounding areas. Through the four decades positive anomaly of precipitation 
amount in the East rose while spatial precipitation amount decreased. These inter-decadal differences consider a 
plausible urban enhancement in lee of the city centre at the eastern parts of Berlin and the adjacent parts of 
Brandenburg. The results also suggest a rising impact of urbanisation on rainfall development. 
 
Hupfer & Chmielewski (1990) declared the lee maximum does not result only because of additional urban induced 
precipitation also due to redistribution of the precipitation. This aspect indicates urban-affected rainfall property 
also for the minimum of precipitation amount in the central parts of Berlin. The artificial reasons for the 
precipitation minimum are not yet discussed. Schlaak (1977) and Malberg & Frattesi (1990) referred an other 
feasible cause with the stabilisation of atmospheric layering with the subsiding air movement into the glacial 
valley. 
 
The increase of the lee maximum coincided with the decrease of areal precipitation. These circumstances reflect 
a possible reason in changing circulation pattern as well. The next question of interest is to determine the average 
distribution of precipitation amount within synoptic types, like passages of fronts, properties and occurrence of air 
masses and criteria of atmospheric stability. Further detailed correlation analysis between precipitation and the 
course of climatic variations will be required. 
 
 
5. SUMMARY AND CONCLUSION 
 
This paper examines the mean annual distribution of precipitation amount over 40 years in Berlin and its 
surrounding areas. Maxima of precipitation appear besides a minimum from the metropolitan area in southern 
direction. The results of a decadal comparison of anomalies to the areal mean reveal an average increase of 
precipitation in the leeward side of the city centre. In alliance with information about the urban development the 
study established a possibility to separate urban and orographic features. As principle conclusion the higher 
amounts of precipitation in the eastern parts of Berlin on the slope of Barnim heights result as well from 
orographic as from urban enhancement. No additional urban increase of precipitation amount was detected in the 
west and southeast of the city. The predominant process of the urban influence on the formation of precipitation in 
Berlin needs to be investigated in the future. 
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Abstract 
 
Satellite data can be very useful in applications where extensive spatial information is needed, but sometimes 
missing data due to presence of clouds can affect data quality.  
In this study a methodology for pre-processing sea surface temperature (SST) data is proposed. The 
methodology, that processes measures in the visible wavelength, is based on a neural network system, and after 
having identified the networks, a validation is performed on 3 different episodes representative of SST variability.  
An application of the proposed technique will be soon implemented, pre-processing SST NOAA/AVHRR data of a 
severe storm episode; this dataset will then be ingested in RAMS meteorological model, and results compared 
with a RAMS simulation feeded with SST standard dataset. 
 
Key words: meteorological models, satellite data, neural network 
 
1. INTRODUCTION  
 
The presence of lacking data is a common problem when working in environmental field. This problem can arise 
due to insufficient sampling, faults in data acquisition, error in measurements, clouds presence. This issues are 
even more important when treating data varying spatially and temporally.  Different approaches has been 
proposed in literature to process data, i.e. (a) regression and interpolations models  (Iglesias et al. (2005); (b) 
empirical orthogonale functions (Alvera-Azcrate et al. (2005)). 
In this study an Artificial Neural Network (ANN) based methodology for treating missing data in SST satellite 
images is proposed, to improve weather forecasting performances of extreme meteorological events (such as 
torrential rains) in the Western Mediterranean Basin. In fact previous works (M. Millan et al. (1995)) pointed out 
that a key factor in the formation of torrential rains is the sea surface temperature (SST). It has also been showed 
(Pastor et al. (2001)) that the results of mesoscale meteorological models are highly improved when using SST 
data obtained by satellites in ’almost real time’. SST can be efficiently measured with satellite sensors like 
NOAA/AVHRR that builds SST maps from collected radiances using the split-window technique, but a variety of 
problems can arise using satellite data. In the case of the SST obtained by NOAA/AVHRR channels 4 and 5, 
which use atmospheric windows observations, a particularly relevant problem is the possible presence of clouds 
in the sensors field of view. This doesn’t  only prevent the satellite from measuring radiances; it also impedes the 
automated (real-time) use of this information in meteorological modelling systems, that cannot accept lacking 
data. For this reason it’s necessary to pre-process SST data.   
To perform this study Western Mediterranean basin has been divided from a  phenomenological point of view  in 
8 zones (see Figure 1) and a neural network system has been designed, identified and validated for each zone, 
and considering the 4 different seasons.  
 
 

 
 

Figure 1: Western Mediterranean divided in 8 zones,  as considered in this study. 
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2. METHODOLOGY AND DATA 
 

2.1. Methodology 
 
Artificial Neural Network (ANN) can be used effectively to reconstruct non-linear relationship learning from training 
data complex relationships. An ANN model basically consists of processing elements (called neurons) and 
connections between elements. Every single neuron performs a weighted sum of inputs that receives from 
neighbouring neurons, then uses an activation function to manipulate data and passes results to following 
neurons. Neurons are structured in layers, that can be of 3 different tipologies: input layer (where input data enter 
the network), hidden layers (where real calculations are performed) and output layers (where final results are 
produced). Different possible Neural Network structures can be used, depending on the architecture of the 
network (number of layers, neurons, etc...), the model parameters, the training alghorithm, the transfer function 
used.   
In this study a cascade-forward network with 2 layers is chosen, which architecture is described as follows: 
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where: 
 

• IW and OW are weight matrixes of first and second layer; 
• w is the weight vector of second layer coming from first layer input; 
• b and c are network bias weights; 
• S is the number of neuron of the first layer; 
• R is the size of input vector; 
• TF is the used Transfer Function. 

 
To precisely define a Neural Network, besides its architecture it is also necessary (as said previously) to specify 
other parameters. For this reason in this study a set of 540 Neural Networks parameters configuration was 
considered, as listed in the following Table 1. 
 
Table 1: Possible configurations considered to choose the best ANN structure. 

FEATURES POSSIBLE CONFIGURATIONS 

Neuron number in 1st layer 4,8 

Transfer function 1st layer Linear, Log-Sigmoid, Tan-Sigmoid 

Neuron number in 2nd layer 1 

Transfer function 2nd layer Linear 

Network tipology Cascade Forward 

Network input 1,2,3 

Training alghoritms 

 
Batch Gradient Descent, Batch gradient 

Descent with Momentum, Variable 
Learning, Rate Backpropagation, Resilient 

Backpropagation, Conjugate Gradient, 
Quasi-newtonian 

 
 
2.2. Data 
 
Data used in this study for the Spanish East Coast are obtained from the NOAA/NASA AVHRR Oceans 
Pathfinder dataset, availible at PODAAC website (http://podaac.jpl.nasa.gov/sst) and derived from the 5-channel 
Advanced Very High Resolution Radiometers (AVHRR) on board the NOAA 7, 9, 11 and 14 polar orbiting 
satellites. 
The availible dataset: 

• ranges from 1 January 1985 through July 2003, and is derived from interim versions 4 and 4.1 
algorithms developed by the University of Miami and explained in Kilpatrick et al. (2001); 
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• is split in two daily passes (ascending daytime pass and descending nighttime pass), with three different 
spatial resolutions (54, 18 and 9 km), and two different datasets (’Best pixels’, that considers only pixels 
with high quality flag, and ‘All pixels’ that retain values regardless of their quality flag). 

For this study the descending night-time pass was chosen (cause not disturbed by sea reflection) and ’All pixels’ 
dataset (choosing for the identification only data with a sufficient quality flag). The resolution choosed is 9 Km, 
that is the best available resolution.  
 
3. NEURAL NETWORK IDENTIFICATION AND VALIDATION 
 
3.1 Identification and choice of the best configuration 
 
To perform ANN identification, a two-step procedure has been followed.  
In a first phase different possible configurations has been implemented for 2 pilot cells selected in zone 1 and 
zone 8 (see localization of zones in Figure 1). This phase has been performed considering possible configuration 
listed in Table 1, and at the end best configurations has been chosen (see in Table 2), for each of the 4 seasons.  
In a second step best parameters (Table 2)  has been used to identify ANN for the whole domain. 
Data used in identification phase span from 1991 to 2002. 
 
Table 2: Neural network parameters configuration selected. 

MONTH N. INPUT TO 
NETWORK 

N. NEURON 1ST 
LAYER 

TF 1ST LAYER TRAINING 

DJF (Dec-Jan-Feb) 2 8 tansig trainOSS 
MAM (Mar-Apr-May) 3 4 tansig CGP 

JJA (Jun-Jul-Aug) 2 8 tansig GDX 
SON (Sep-Oct-Nov) 2 4 logsig GDX 

 
 
3.2 Validation 
 
ANN are validated analysing three different episodes, selected to be representative of different SST patterns. To 
correctly perform validation step it is necessary to use data not used in the neural networks identification phase. 
So the periods selected to perform validation phase are before 1991 and after 2002, more precisely: 

• from 27.08.89 to 29.08.89 (representative of high SST and close to the 04.09.89 severe rain episode); 
• from 03.07.03 to 05.07.03 (representative of intermediate SST). 
• from 11.11.87 to 13.11.87 (representative of low  SST and close to the 01.11.87 severe rain episode). 

The validation is realised considering only pixels for the particular selected episode, where measures were 
available (to be able to compare SST measures and reconstructed data). 
In Figure 2, 3 and 4 scatter plots of the validation phase are shown, for  each of the considered episodes. 
Results show good results for high and intermediate SST, while for low SST it seems that ANN  is overestimating 
measures. 

 
 
Figure 2: Scatter plots between measures and neural network reconstructed values, for 27.08.89 to 29.08.89 
episode. 
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Figure3: Scatter plots between measures and neural network reconstructed values, for 03.07.03 to 05.07.03 
episode. 

 
 

 
 
Figure 4: Scatter plots between measures and neural network reconstructed values, for 11.11.87 to 13.11.87 
episode. 
 
4. CONCLUSIONS 
 
In this work a methodology to reconstruct missing data has been identified and applied to SST/AVHRR satellite 
data. The methodology gives good results for high and intermediate SST values, while for low SST data 
overestimates values. 
Results will be used to supply to RAMS meteorological model improved SST data, to correctly forecast torrential 
rain extreme events in Western Mediterranean Area. 
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Abstract 
A comparison of biothermal conditions between the city center of Łódź and rural area was conducted. The data 
for the analysis was obtained from urban and rural automatic weather stations and extended over the period 
1997-2002. The annual and 24-hour pattern of Effective Temperature (ET, ºC), Dry Cooling Power (H, Wm-2), 
Physiological Saturation Deficit (D, hPa), Humidex (ºC) were analyzed. Generally, “comfort”  and “ hyperthermic” 
sensation dominated in the inner city. The rural area was characterized by more diversified structure of cooling 
sensation. There was no significant urban-rural difference of temperature-humidity index evaluating heat stroke 
hazard during the summer. 
 
Key words: biometeorological indices, human thermal sensation, urban-rural differences 
 
1. INTRODUCTION 
 
A few meteorological parameters such as air temperature, humidity and  wind speed determine to a high degree 
so-called “sensible climate” of human. The studies on climate of Łódź (780 000 inhabitants, the second biggest 
town in Poland) reveal strong urban-rural contrasts in the above-mentioned parameters (Kłysik and Fortuniak 
1999, Fortuniak et al. 2006). The highest temperature differences between the city center and suburb exceed 
8°C. Typical urban deficit of relative humidity amounts 20-30%. The urban-rural contrasts of water vapor pressure 
show both highly positive as well as highly negative values e.g. in summer may reach 5 hPa level but in winter 
rarely exceed 1 hPa (Fortuniak et al. 2006). Wind speed at the urban station is on average 30-40% lower than the 
rural station values especially during the daytime (Siedlecki 2003). The above urban-rural differences indicate 
special feature of urban bioclimate. The current work presents the comparison of human biothermal conditions 
between the city center of Łódź and the suburban area. 
 
2. METHODS AND DATA  
 
Human thermal sensation in Łódź was evaluated with the help of well-known biometeorological indices which use 
air temperature, vapor pressure, relative humidity, wind velocity as an input. General annual and 24-hour pattern 
of Effective Temperature (ET, ºC, called also Normal Effective Temperature), Dry Cooling Power (H, Wm-2), 
Physiological Saturation Deficit (D, hPa) were analyzed. The frequencies of particular thermal sensation in urban 
environment and suburban area were examined on annual and daily course.  ET was calculated on the basis of 
Missenard formulae (Flach 1981).The values were grouped in six categories of thermal sensation. 17-22.9°C 
range indicates “comfort” conditions. If ET ≥ 24ºC “sultriness” occurs (Kozłowska-Szczęsna 1997). H was 
calculated following Hill - Bütner formula: 

H= (36.5-t)(0.20+0.40v0.5), when v ≤1, 
H= (36.5-t)(0.13+0.47v0.5), when v >1, 

where v is wind velocity in ms-1 and t is air temperature in ºC. The thermal sensation scale of Petrovič and 
Kacvinsky was used to analyse Dry Cooling Power. Physiological Saturation Deficit (D) is a difference between 
60.9 hPa (water vapor pressure saturated at 36.5ºC temperature threshold) and actual water vapor pressure. D 
values less than 45hPa indicates “sultry” conditions and the values exceeding 53hPa indicates “dry” conditions 
and increased evaporation and respiratory heat losses from human body (Kozłowska-Szczęsna 1997). The heat 
stroke hazard during summer months was examined by means of Humidex (ºC) - simple and commonly used 
temperature-humidity index (Masterson and Richardson 1979): 

Humidex=T+5/9(e-10), 
where T constitutes air temperature in ºC and e denotes water vapor pressure in hPa. Humidex equalled 23ºC 
sets threshold of neutral conditions. There are several Humidex’s categories of risk heat disorders: caution (23ºC 
- 29ºC), extreme caution (29.1-39ºC), danger possible (39.1-54ºC), extreme danger when heat stroke is highly 
possible (>54ºC). The analysis was based on the 10 minute averages data collected at urban (MSM) and rural 
(Lublinek) automatic weather stations in the period 1997-2002. MSM is typical urban station situated close to the 
geometrical center of Łódź. The city center is the oldest part of Łódź and there is densely built area with 
homogenous and compact residential and industrial buildings. The old center is surrounded by new districts with 
block of flats, residential and industrial area (Kłysik and Fortuniak 1999, Fortuniak et al. 2006). Lublinek station is 
located in south-western part of Łódź, within airport borders, 6.5 km from MSM. Lublinek station is representative 
for a regional climate. 
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3. RESULTS 
  
In the city center of Łódź the mean Effective Temperature varied from -13.2ºC to 21.6ºC throughout the year 
whereas in the rural area changed from -17.1ºC and 20.2ºC. “Very cold” ET conditions characterized 40% (urban) 
and 46% (rural) of the year and occurred from II and I decade of October, respectively, till II decade of April on 
average. “Cold” conditions occurred in 23% of the year at both stations, “cool” in 27% and 24%, “comfort”  in 9% 
and 6%, “warm” in 0.6% and 0.4%. “Hot” ET conditions was recorded only twice in the period 1997-2002. ET 
“comfort” conditions occurred from I decade of June till III decade of August in urban and rural area but the urban 
area is characterized by higher frequency of “comfort hours” in the morning and in the evening (Fig 1A). The 
absolute minimum of ET equalled -31.6ºC (urban) and -34.3ºC (rural) and the absolute maximum amounted 
27.3ºC (Fig. 1B).The positive urban-rural differences of ET absolute extreme daily reached 11ºC. The mean ET 
values at midday in the city center was higher by 2ºC than in the suburb on average and the contrasts exceeded 
5ºC in winter (Fig. 1C). The number of days with ET ≥ 24ºC (“sultry” sensation) in the year changes from 3 to 8 at 
urban and from 2 to 7 at rural station. “Warm” and “Hot” ET sensation periods lasted on average 2 hours longer 
during the day in the inner city than in the suburb (up to 4 hours). 
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Fig. 1. (A) Annual variability of 24-hour pattern of Effective Temperature (ET, ºC) at the urban and the rural station 
in Łódź in the period 1997-2002. (B) Annual course of the extreme ET daily values and the mean ET values at 
1.00 p.m. in the period 1997-2002.(C) Annual course of the urban-rural differences of the mean ET values at 1.00 
p.m. in the period 1997-2002. 
 
In the city center of Łódź ET “comfort” conditions occurred most frequently at 12.00, 1.00 and 2.00 p.m. (16.2%) 
whereas at Lublinek station maximum frequency of ET “comfort” cases occurred at 1.00 p.m. (13.2%). Generally,  
the urban-rural positive differences of “comfort” sensation frequency increase from 10.00 a.m. till 8.00 p.m. when 
the maximum is reached (Fig. 2 ). ET “very cold” conditions most frequency are observed at rural station within 
24-hour period with the maximum falling at 5.00.a.m (53.7% rural and 46.2% urban) and minimum at 2.00 and 
3.00 p.m. (39.7% rural and 34.7% urban) (Fig.2). 
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Fig. 2. The daily course of relative frequency (in %) of ET “comfort” and “very cold” conditions at urban and rural 
station in Łódź in the period 1997-2002 
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The rural station pronounces higher annual variability of Dry Cooling Power than the inner city. The extreme 
maximum H values in 1997-2002 was recorded at Lublinek station ( 2450 Wm-2). It was higher by ca. 284 Wm-2 
than the values noted in the urban station (Fig.3). H “extremely cold and windy” conditions occurred at Lublinek  in 
November-April season whereas in the inner city were recorded once in 6-year period (Fig. 3). The mean urban-
rural negative differences of H at 1.00 p.m. exceeded 400 Wm-2 in winter.  Hypothermic sensation of cooling 
power dominated in rural area within the year and the summer. H “comfort”  and “ hyperthermic” sensation 
prevailed at urban station (Tab.1). The rural area reveals more diversified structure of cooling sensation on the 
annual course especially in cold period (Fig 4.). In the urban area H ”comfort” sensation frequency was higher 
than in Lublinek within all the months excluding June, July and August (Fig.4) 
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Fig. 3. (A) Annual course of the extreme Dry Cooling Power (H, Wm-2) daily values and the mean H values at 1.00 
p.m. at the urban and the rural station in Łódź in the period 1997-2002. (B) Annual course of the urban-rural 
differences of the mean H (Wm-2) values  at 1.00 p.m. in Łódź in the period 1997-2002. 
 
Tab. 1. Relative frequencies (in %) of Dry Cooling cases (H) in the particular categories of sensivity according to 
the scale of Petrovič and Kacvinsky in Łódź at urban and rural station in the period 1997-2002. 

 
Year Summer (VI-VIII)  Categories of Dry Cooling Power 

Urban Rural Urban Rural 
Very hot <210 Wm-2 0.75 0.52 2.8 1.9 Hyperthermic 

sensation Hot 210-420 Wm-2 13.4 7.9 38.1 23.3 
Comfort Comfort (mild and fairy cool) 420-840 Wm-2 49.1 39.0 57.7 64.5 

Cool 840-1260 Wm-2 31.1 31.7 1.5 8.2 
Cold 1260-1680 Wm-2 4.6 14.4 0.04 0.2 

Very cold 1680-2100 Wm-2 0.17 2.25 0 0.007 

 
 

Hypothermic 
sensation Extremely cold and windy > 2100 Wm-2 0.002 0.05 0 0 
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Fig. 4.The annual course of the structure of Dry Cooling Power at urban and rural station in Łódź in the period 
1997-2002. 
 
Generally, the increase of Physiological Saturation Deficit (D) indicates the rise of evaporative human body 
cooling and the decrease in heat stress hazard. D values in Łódź varied within the range 34.9-59.7 hPa in urban 
and from 33.6hPa to 59.9 hPa in rural area. There were noted the negative and the positive urban-rural 
differences of D about 2.1hPa and 5.2hPa, respectively (Fig 5). At the midday in the inner city about 80% of cases 
of D were lower than the values recorded at Lublinek. “Sultry” D conditions (D<45 hPa) at 1p.m. occurred during 
46 days in the year (12.5%) on average at urban station and during 54 days in the year (14.5%) at rural station. 
The occurrence of such conditions was limited to I decade May - II decade of October period at both station.  
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Fig. 5. The urban-rural differences of Physiological Saturation Deficit (D, hPa) at 1.00 p.m. in Łódź in the period 
1997-2002. 
 
The ranges of Humidex (Fig.6) relate to specific heat disorders connected with prolonged exposure and/or 
physical activity particularly for the people of higher risk group. The above-mentioned ranges occurred in the 
period May-September in Łódź. 28% (urban) and 26% (rural) of summer days were classified into “Caution” 
category that indicates “fatigue possible”. “Extreme caution” indicates “sunstroke, muscle cramps and heat 
exhausting possible” and occurred in 9% of the summer days at both stations. “Danger” and “Extreme danger” 
categories of Humidex were not recorded in the city and occurred in the suburb merely once. The Humidex values 
were very similar at both stations. The absolute extreme daily values varied from 18.1ºC to 38.7ºC (urban) and 
from 19.1ºC  to 39.7 ºC (rural) in May-September period (Fig.6). 
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Fig. 6. The variability of the mean values of Humidex [ºC] at 1.00 p.m. and the absolute extreme daily values of 
Humidex at the urban and the rural station in Łódź from May to September in the period 1997-2002. 
 
4. CONCLUSIONS 
 
In general, the urban area favorably modifies components of  “sensible climate”. In the city center of Łódź 
comfortable conditions were found more frequently within the year in comparison with the rural area. The 
hypothermic sensation was reduced at urban station especially in winter. It is mainly due to Urban Heat Island 
phenomenon. UHI and lower air velocity in urban area altogether caused a lack of ”Extremely cold and windy” Dry 
Cooling sensations and low frequency of “Very cold” ET sensation in the city center of Łódź. In the summer UHI 
prolongs the period of “sultry” ET sensation (ET ≥ 24ºC) up to 4 hours during the day in the inner city in relation to 
the suburb. On the other hand summertime air temperature surplus in urban area favors thermal sensation in the 
evenings that encourage people to outdoor activity. Evaporating heat loss from human body increased in the 
inner city due to greater moisture deficit in relation to the suburb. There were no significant urban-rural differences 
in frequency of particular Humidex risks categories of heat disorders.  
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Abstract 
 
The aim of the study is to investigate the variability of sky view factor (SVF) of Piotrkowska street – the main 
street canyon in the city center of Łódź. The length of analyzed canyon is 2.5 km and H/W ratio is about 1.1 – 1.2. 
The data base of the study consists of 73 digital “fish eyes” photos which were made both along and across the 
street canyon. The additional goal of the study is to present and validate a new software application BMSky-view, 
which is created to easy calculation SVF directly from digital “fish eye” photos. The software is presented in 
details and is compared with the results of other methods. 
 
Key words : sky view factor, street geometry, fish-eye lens photos  
 
Introduction   
 
The shape of Earth, movement around its own axis and movement on the encircling orbit are main factors 
determining the amount  of the solar radiation reaching the surface of our planet. In the local scale (e.g. city area) 
the amount of solar radiation which reaches the earth surface is also dependent on geographical latitude, air 
pollution and the geometry of surrounding objects. 
The geometry of street canyon is often determined by the factor called wall view factor Ψw, which is defined as 
portion of radiation emited by the unit surface element, which have been absorbed by surrounding surfaces [Oke 
1982]. However, in the literature, the sky view factor Ψs appears more frequently. It shows how much of the sky is 
visible from the given point. Formule (1) gives the relation between these quantities [Grimmond et al. 2001] : 
 

(1)  Ψs = 1 – Ψw 

 
The sky view factor is dimensionless, and takes values from 0 to 1. Ψs = 0 chracterizes the point where the sky is 

fully covered, contrary to Ψs = 1 which means that the sky is in 100% bare. 

 
Fig.1 Exemplary values of sky view factor (SVF) 

 
Together with technical development and more and more increasing computing power of modern computers 
appeared the possibility of using this devices in urban climatology. One example of such use is software 
application – BMSky-view, which was used to calculate SVF in the street canyon in Łódź.  
The variability of SVF on the main street in Łódź (Piotrkowska street), computing by BMSky-view, is presented in 
this paper. 

 
Method for determining Sky view factor  
 
The base of this study are 73 digital fish-eye photos, taken by a camera Nikon Coolpix 4300 with Nikon FC-E8 
lens. The street presented in the pictures is the main street of Lodz -  Piotrkowska, which is a typical example of 
an urban canyon with North-South orientation. The length of analysed canyon is 2.5 km and H/W ratio is about 
1.1 – 1.2. The digital photos were performed along the street canyon with about 20 meters frequency. 
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Additionally, in two places characterised by the most and the least width of the street canyon, photos were 
performed across the street with exactly 1 meter frequency – figure 6, 7. BMSky-view application was used to 
compute the values of sky view factor. 
The BMSky-view is a user friendly software application enabling to compute the sky view factor directly from 
digital camera with fish-eye lens. This application works under Windows. Algorytm of computing SVF was 
implemented using c++ programming language. Graphic user interface enables the user to compute fast and 
easy the value of  Ψs. Wide variety of option gives the user full control of the computing process. 
 

 
Fig. 2 Menu to recognize the sky area, Steyn’s method 

 
Main algorytm 
 
Main algorytm is a slight modyfication of the Steyn method [Steyn 1980]. Steyn describes method for determining 
the Ψs from fish lens photographes, which are divided into a number of concentric annuli of equal width, each 
representing internal of zenith angles. Withing each annulus Steyn manually estimated the fraction of sky, and 
derived the following formula: 
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where  Ψs is the sky view factor, αi the angular width of sky in the i-th annulus and n the number of annuli 
[Bärring,Mattson 1985]. 
 
Results of measurement 
 
The first aim of this study was to show variability of sky view factor in Piotrkowska street. The area, which was 
investigated, was devided into sections between turnings. On every section series of digital photographes were 
performed. Based on this photos values of SVF were computed – figure 3. In addition, for every section, the 
average value of sky view factor was estimated – figure 4. 
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Fig.3 Maximum, minimum and average values on the invetigated section of Piotrkowska street. 
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Fig. 4 Average values of sky view factor on Piotrkowska street 

 
In most cases the maximal values of  SVF was noticed on the crossroads and it was about 0,6-0,7.  However, the 
maximal value was obserwed in the section situated at the end of analysed canyon – SVF = 0.7193. This section 
is the widest part of Piotrkowska street – 27 meters. The minimal value of  SVF = 0.4325 was noticed in the 
center of urban canyon, which is characterized by the highest buildings on the both sides of analysed area. The 
same resultes are observed according to average values.  
The second purpose of this paper was to show how the SVF changes according to the width of the urban canyon 
– figure 5, 6. 
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Fig. 5 Sky view factor across the Piotrkowska street – Piotrkowska 81 
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Fig. 6 Sky view factor across the Piotrkowska street – Piotrkowska 152 

 
In symmetrical street canyon case (fig. 5), the values of sky view factor are steady distribution. The maximal value 
is noticed in the centre of Piotrkowska street. In asymmetrical canyon case (fig.6), the maximal value is displaced 
from  the center of canyon and it is situated nearer lower buildings. 
 
The last aim of this paper was to compare results of BMSky-view with the method presented by Grimmond et al. 
(2001). Five pictures presented of these given by Brown and Grimmond (2001) were scaned and used to 
calculate sky view factor. 

 
Fig. 7 Comparison the methods of computing sky view factor. 

 
In every cases the value of SVF calculeted by svf.exe was greater then results of BMSky-view. The average 
distinction was about ∆Ψs = 0.04. The fact that the photographes was copied can be the cause of distinction 
between this methods. 
 
Summary  
 
The sky view factor used in the paper perfectly reflects the geometric features of the studied area. The 
differentiation of the svf value tells about a big variety of the amount of the incoming short wave radiation 
absorbed by the elements of the urban canyon in question. The highest values of svf were noticed at the end of 
the canyon, which was the widest part. The lowest values of svf  were connected in each case with high values of 
the H/W ratio. In case of a symmetric canyon, the maximum value of SVF can be noticed in the center of its width. 
The values of SVF, calculated using different methods (Grimmond, Rzepa-Gromek), give comparable results. 
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Abstract 
 
This approach inevitability suffers from the fact that the ground observations provide only the point information 
both in the spatial and temporal domain. The innovative technique of remote sensing had been successfully 
employed to study the urban heat island (UHI) effect. The authors have developed a new method to accurate 
mapping of UHI and the understanding of its mechanism. This method was applied to ASTER (Advanced 
Spaceborne Thermal Emission and Reflection Radiometer) data for the nighttime during autumn in Tainan city, 
Taiwan. The time series of ASTER imagery in metropolitan Tainan area was employed to map the UHI. The 
multispectral data of FORMOSAT-2 was also employed to estimate fore factors that might contribute to the UHI 
effect, such as the ratio of building area (RBA), normalized difference vegetation index (NDVI) and impervious 
Surface Area (ISA). These factors were incorporated into various models of the UHI mechanism proposed in the 
past. The results assist us to clarify the weighting of each factor in the UHI effect and provide more insight in 
understanding its mechanism.  
 
Key words: Remote Sensing, Heat Island, FORMOSAT-2, ASTER, NDVI, ISA 
 
 
1. INTRODUCTION  
It is well know and documented that urbanization can have significant effects on local weather and climate 
(Landsberg 1981). Of these effects one of the most familiar is the UHI, for which the temperatures of the central 
urban locations are several degrees higher than those of nearby rural areas of similar elevation. Urbanization and 
centralization usually come with the Urban Heat Island (UHI) effect, which plays a significant role in the over-
consumption of energy in the metropolitan area. According to the recent work of Lin et al. (Lin et al., 1999), more 
than 24% of energy was consumed by the air-condition system in metropolitans of Taiwan area during the 
summer time, such as Taipei and Kaohsiung city. The issue of UHI effect has raised a lot of research interests, 
such as the accurate mapping of UHI effect and the understanding of its mechanism. 
Most of the earlier works, however, were based on the collections of ground temperature in the city by use of the 
thermoradiometer on board the local vehicles. This approach inevitability suffers from the fact that the ground 
observations provide only the point information both in the spatial and temporal domain. 
The innovative technique of remote sensing provides an avenue to make a long-term and synoptic observation 
from the orbit. This technology had been successfully employed to study the UHI effect (Lee H.Y., 1993; Qihao et 
al., 2004; Streutker D.R., 2002; Xu H.Q. & Chen B.Q., 2004; Voogt J.A. & Oke T.R., 2003). For example, Lee et al. 
used the NOAA AVHRR thermal data to study the UHI effect in Korea. Despite of the limited spatial resolution 
(1.1 km) and temporal resolution (twice-daily) of AVHRR data, they derived an empirical equation between the air-
temperature and the brightness-temperature. This motivates us to (1) investigate the possibility of deriving other 
factors that might contribute to the UHI effect, and (2) accurately mapping the UHI effect by use of the more 
advanced satellite data. 
In this study, the authors have developed a new method to accurate mapping of UHI and the understanding of its 
mechanism. This method was applied to ASTER (Advanced Spaceborne Thermal Emission and Reflection 
Radiometer) data for the nighttime during autumn (Oct. 28th, Nov. 13th and Nov. 29th) in Tainan city, Taiwan. The 
time series of ASTER imagery in metropolitan Tainan area was employed to map the UHI. A comprehensive 
observation of ground temperature was made at some controlled stations, with the intention to calibrate and 
validate the estimation of temperature from ASTER imagery. On the other hand, a new generation of the earth 
resource satellite, ROCSAT-2, was successfully deployed in the orbit in May of 2004. ROCSAT-2 got a unique 
design of daily revisiting that exactly repeats the same orbit everyday. Together with its advanced spectral 
resolution (four multispectral bands ranged from blue to near-infrared with 8m resolution, and one panchromatic 
band with 2m resolution), ROCSAT-2 got a great potential to monitor the daily variation of some specific 
phenomena that might be very useful in studying the UHI effect. 
The multispectral data of ROCSAT-2 was employed to estimate 3 main factors that might contribute to the UHI 
effect, such as the Ratio of Building Area (RBA), Normalized Difference Vegetation Index (NDVI) and ratio of 
Impervious Surface Area (ISA). These factors were incorporated into various models of the UHI mechanism 
proposed in the past. The results assist us to clarify the weighting of each factor in the UHI effect and provide 
more insight in understanding its mechanism. This research proved the applications both of ASTER and 
ROCSAT-2 imagery to the study of UHI effect were possibility and suitability. 
 
2. STUDY AREA AND SATTELLITE IMAGERY  
2.1. Study area 
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The study area encompasses of Tainan Metropolis Region (Figure 1), an area comprised of mixture of forest and 
farms interspersed with a range of residential developments and industrial/commercial zones. The total area is 
about 200 km2 (12 × 16 km). Tainan City is a coastal city and be located in south of Taiwan. The approximate 
geographical position of the central city  is 120°1 0’30”E and 23°15’30”N. Tainan is located in the sub- tropical 
area. The detailed weather situation of Tainan City is showed in Table 1.  
The city is one of the earliest cities established as special economic zones in Taiwan. The area of Tainan is 175 
km2. Its population was 740,000 in 2003. The economy of Taiwan has developed very fast since the 50th. The 
rapid economic development has also accelerating Tainan’s urbanization and centralization. With the urban 
expansion, the regional land-cover has been changed dramatically and the UHI phenomenon has become 
seriously. That is a good reason of “why study UHI effect is necessary”. 
 
Table 1.  The annual weather situation of Tainan City 

 
Temperature 

(�) 

Relative 
Humidity 

(%) 

Wind 
Speed 
(m/s) 

Sunshine 
(hr/day) 

Cloudiness 
(0~10) 

1898~
1990 

23.5 80.4 2.90 7.0 5.7 

 
 
2.2. Satellite imagery 
In this paper, we considered two sets of ROCSAT-2 and ASTER 
scenes collected over area. ASTER is an imaging instrument with 
high spatial resolution and extensive spectral coverage from visible to 
thermal infrared region that is flying on Terra, a sunsynchronous 
platform with 10:00 am and 10:00 pm descending equator crossing 
and launched in December 1999 as part of NASA's Earth Observing 
System (EOS). One of the unique features of space-borne ASTER is 
the thermal infrared multi-spectral sensor with five channels. The 
ASTER TIR sensor is a five-band nadir viewing scanner ( ±3 °), 
poinTable to (±8.5°), with a 90 m spatial resolutio n and a 63 km 
swath. As a consequence of its high spatial resolution, the sensor has 
a temporal repetitivity of 16 days. The five ASTER TIR bands 
(numbered 10 to 14) are centered around 8.28, 8.63, 9.07, 10.65 and 11.28 µm (Table 2.). Those TIR data are 
very useful to help us to measure the surface urban heat island intensity in Tainan Metropolis Area (Figure 2). 
ROCSAT-2 is the second Taiwan owned satellite providing 2-m resolution panchromatic image data and 8-m 
multispectral imagery. The multispectral image data include three visible and one inferred channel (Table 3). Data 
are collected in 11-bit radiometric resolution and provided in a format compatible with image analysis software. 
The tile size for each individual scene is 24 × 24 km. Because of its point-able off-nadir viewing capability, the 
satellite revisit interval is as little as twice per day in Taiwan area. Because of ROCSAT-2 have high space 
resolution and short revisit interval, we can collect urban context data form use its imagery (Figure 3). 
 
Table 2.  The wavelengths and resolutions of the ASTER band 

Band Wavelength(µm) Spectral Region Resolution(m) 
1 0.520~0.600 Green 15 
2 0.630~0.690 Red 15 
3 0.760~0.860 Reflected IR 15 
4 1.600~1.700 Shortwave IR 30 
5 2.145~2.185 Shortwave IR 30 
6 2.185~2.225 Shortwave IR 30 
7 2.235~2.285 Shortwave IR 30 
8 2.295~2.365 Shortwave IR 30 
9 2.360~2.430 Shortwave IR 30 
10 8.125~8.475 Thermal IR 90 
11 8.475~8.825 Thermal IR 90 
12 8.925~9.275 Thermal IR 90 
13 10.25~10.95 Thermal IR 90 
14 10.95~11.65 Thermal IR 90 

 
Table 3.  ROCSAT-2 spectral band widths specified as full width at half maximum 

Band Spectral Wavelength (nm)  
1 450�520 Blue 
2 520�600 Green 
3 630�690 Red 
4 760�900 Near-Infrared 

Pan 450�900 Panchromatic 

Figure 1.  Location of Study area  
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Figure 2. ASTER Imagery (2005/11/13)                 Figure 3.  ROCSAT-2 Imagery (2005/12/09) 

 
3. METHODS 
3.1. The surface temperature data 
In order to measuring surface Temperature, the average surface temperature (ST) data of 3 ASTER AST2B03 
products scenes which had been collected on Oct. 28th Nov. 13th and Nov. 29th in 2005 were used in this 
research. The body of this product is the brightness temperature for ASTER's five thermal-infrared bands (8-
12µm, bands 10-14). Brightness temperature is the apparent observed temperature, assuming a surface 
emissivity of 1.0 (i.e., as if the object were a blackbody). The calculations are performed starting with the radiance 
at sensor as input; no atmospheric correction is included for this product. (ASTER Higher-Level Product User 
Guide, 2001) On the other hand, The brightness temperature is calculated from ASTER TIR (band13). In order to 
proceed the regression analysis, the brightness temperature been resampled by Nearest Neighbor Method. The 
converted data is treated as the ST. 
 
3.2. The urban structure data 
This paper uses K-Means Method to classify Land-use/Land-cover (LULC) of Tainan metropolitan. Pixels were 
reclassified using logical decision rules into 5 classes (Water bodies, Bare lands, Green areas, asphalt lands, and 
Concrete lands). The overall accuracy of this technique was 74.72% and the Kappa Coefficient was 
approximately 0.59%. The green areas are extracted from the NDVI of ROCSAT-2 red (band 3) and NIR (band 4) 
(Figure 4a). The LULC data are classified by the unsupervised clustering with ROCSAT-2 VNIR (band 1-4). For 
the analysis of the relationship between surface temperature and urban structure, the data sets are combined and 
calculated as RBA (Figure 4b) and ISA (Figure 4c).  
 

 
Figure 4. The NDVI(a), RBA(b) and ISA(c) map of Tainan 

(a) (b) (c) 

SIXTH INTERNATIONAL CONFERENCE ON URBAN CLIMATE

860



4. ANALYSES AND RESULTS 
The study area is divided into 30 grids due to the different location (Figure 
5). Every grid will be deemed an ample and calculated for NDVI, ISA and 
RBA values, respectively. In order to eliminate the effect from water body 
and clouding, we exclude 10 grids which include much water area or 
covered by cloud. Therefore, there are 20 available samples be use in this 
study.  
According to the result of the regression analysis, there is a strong 
relationship (r=0.79) between NDVI and ST (Figure 6.).  An example of the 
relationship of ISA to ST and the regression model for Tainan is shown in 
Figure 7. The result of the regression analysis showed a strong relationship 
(r=0.81) between ISA and ST. Those results indicated that most girds 
which have low ISA and high vegetation ratio in suburban area have lower 
heat island effect. On the contrary, on the basis of the relationship between 
RBA and ST showed in Figure 8, the higher RBA in urban region will cause 
heat island effect to worse. 

 
 
 

y = -3.6921x + 21.748

r = 0.79

20.8
21.0
21.2
21.4
21.6
21.8
22.0
22.2

-0.05 0.00 0.05 0.10 0.15 0.20 0.25

ST(� ) 

NDVI  

 

y = 1.8799x + 20.982

r = 0.81

20.8
21.0
21.2
21.4
21.6
21.8
22.0
22.2

0.00 0.10 0.20 0.30 0.40 0.50

ST(� ) 

ISA (%)  
Figure 6. A regression model of ST and NDVI              Figure 7. A regression model of ST and ISA 

 
5. CONCLUSIONS 
Through our experiences with this study, we have 
identified a number of considerations for 
applications development using ASTER and 
Formosat-2 imagery. First, we have had the most 
success applying Formosat-2 imagery to city scale 
analyses such as NDVI, ISA and RBA. Because of 
this reality, we believe that this advantage of 
Formosat-2 data is best suited to analyses of urban 
LULC. On the other hand, we used ASTER ST data 
to estimate the UHI effect in Tainan. Comparing 
with the air temperature data which getting from the 
survey on the ground, the ASTER data may be 
especially useful for heat island study due to its 
long-term and synoptic observation. 
 

Figure 5. Study area and unavailable girds 

Figure 8. A regression model of ST and RBA 

 

 

y = 2.5658x + 21.087

r = 0.65

20.8
21.0
21.2
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RELATIVE HUMIDITY DISTRIBUTION ALONG A REPRESENTATIVE URBAN 
CROSS-SECTION IN SZEGED, HUNGARY 

 
Zoltan Sumeghy1, Janos Unger, Bernadett Balazs, Tamas Gal 

University of Szeged, Szeged, Hungary 
 
Abstract 
Based on the mobile measurements carried out between April 2002 and March 2003 in Szeged (Hungary), we 
study the influence of urban and meteorological factors on relative air humidity. In the present work we use a ca. 8 
km long cross-section of the urban area consisting of every characteristic land-use type of city. Tasks include the 
determination and demonstration of mean humidity distribution and its daily peculiarity as a function of urban, 
meteorological and anthropogenic factors, respectively. As the results show, strong connection can be detected 
between relative humidity and the above-mentioned parameters. 
 
Key words: relative humidity, urban cross-section, urban, meteorological and anthropogenic factors, Szeged  
 
 
1. INTRODUCTION  
 
The climate modification effect of urbanization is obvious for the relative humidity (e.g. Chandler, 1967; Hage, 
1975; Landsberg, 1981; Ackerman 1987; Kuttler 1998; Potchter et al., 2003). In general the differences between 
the urban and rural values of relative humidity (∆RH) have a diurnal and seasonal cycle. Strong connection can 
be detected between ∆RH and the development of urban heat island (UHI) (e.g. Landsberg and Maisel, 1972). 

The aim of this study is to reveal the temporal dynamics of ∆RH during the night along a representative urban 
cross-section investigating mean distribution as well as two individual cases and to explain their features using 
urban, meteorological and anthropogenic parameters. 
 
2. STUDY AREA AND METHODS 
 
2.1. Location and conditions 
The studied city, Szeged, is located in Central 
Europe, in the south-eastern part of Hungary 
(46°15’N, 20°10’E) at 79 m above sea level on 
a flat plain (Fig. 1A-B). The River Tisza passes 
through the city, otherwise, there are no large 
water bodies nearby (the river is relatively 
narrow). These environmental circumstances 
make Szeged a favourable place for studying 
of an almost undisturbed urban climate. 

Within the city’s administration district of 281 
km2, the number of inhabitants is 160,000. The 
region is in Köppen's climatic region Cf which 
means a temperate warm climate with a fairly 
uniform annual distribution of precipitation. 
 
2.2. Cross-section and relative humidity 
The area of investigation, inner part of the 
administration district, was divided into 0.5 km 
x 0.5 km cells. The original study area consists of 107 cells covering the urban and suburban parts of Szeged. 
The outlying parts of the city, characterized by village and rural features, are not included in the network except 
for four cells on the western side of the area. These four cells are necessary to determine the humidity contrast 
between urban and rural areas. In present study we use only 17 cells, which is a cross-section of the urban area 
consisting each of the typical land-use types of Szeged (Fig. 1C). It is streching from the rural area (cell 1) across 
zones used for industry and warehousing (cells 4-6), detached houses (7-8) the densely-built centre (9-12) and 
large housing estates of tall concrete buildings set in wide green spaces (13-15) to the areas occupied by 
detached houses (16-17). The distance between the centerpoints of the first (1) and the last (17) cells along the 
cross-section is about 8 km. 

In order to collect relative humidity data for every cell during the night, mobile measurements were taken on 
fixed return routes on an hourly basis along the cross-section between April 2002 and March 2003, altogether 12 
times. In case of near-surface humidity investigations, the moving observation is a usable process (e.g. Chandler, 

                                                 
1 Corresponding author address: Zoltan Sumeghy, Department of Climatology and Landscape Ecology, University 
of Szeged, POBox 653, 6701Szeged, Hungary; e-mail: sumeghy@geo.u-szeged.hu 

 
 

Fig. 1. Geographical location of (A) Hungary and (B) Szeged, 
(C) cells of the selected representative urban cross-section 

(with numbers) and (a) original study area and land-use types 
in Szeged: (b) open and green area, (c) industrial area, (d) 1-2 
storey detached houses, (e) 5-11 storey apartment buildings 

and (f) historical city core with 3-5 storey buildings 
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1962; Kopec, 1973; Mayer et al., 2003). To get some information on the temporal dynamics of ∆RH during the 
night, the measurements started at sunset and took about 7-10 hours (depending on the season), which means 7-
10 transects. Return routes were needed to make time-based corrections, and one transect took about 50 
minutes. Relative humidity readings were obtained using a shielded sensor connected to a data logger for digital 
sampling. Data were collected every 10 s, so at a car speed of 20-30 kmh-1 the distance between the measuring 
points was 55-83 m. The sensor was mounted 0.60 m in front of the car at 1.45 m above the ground to avoid 
engine and exhaust effect. The speed provided adequate ventilation for the sensor to measure the momentary 
ambient humidity. The logged values at forced stops were rejected from the data set. 

Having averaged the approximately 15-20 measurement values by cells, time adjustments to the reference 
times (namely integer hours after sunset) were applied assuming linear humidity change with time. Consequently, 
we can assign one relative humidity value to every cell (centerpoint) by transects. The ∆RH were determined by 
cells referring to the cell 1, which was regarded as a rural cell because of its location outside of the city (Fig. 1C). 

The ∆RH along the cross-section were investigated by comparison of absolute and normalized values taking 
land-use and meteorological features and anthropogenic factors into consideration. The normalized value of a 
given cell in a given hour is the ratio of the ∆RH of that cell and the cell where absolute ∆RH is the largest at that 
transect. Since meteorological conditions influence the humidity, the comparison of spatial variation of humidity 
differences is more effective using normalized (dimensionless) values. Namely, the normalized feature is 
expected to be almost independent of the prevailing weather conditions; nevertheless, it is expected to be 
dependent mainly on the surface factors (e.g. land-use features, distance from the city centre). 
 
2.3. Built-up surface ratio 
Ratios (to total cell area) of the built-up surface by cells were determined by a vector and raster-based GIS 
database combined with remote sensing analysis of SPOT XS images. The geometric resolution of the image 
was 20 m x 20 m. Normalized Difference Vegetation Index (NDVI) was calculated from the pixel values, using 
visible (V: 0.58-0.68 µm) and near infrared (IR: 0.72-1.1 µm) bands (Gallo and Owen, 1999): 

NDVI = (IR-V)/(IR+V). 
The NDVI values are between -1 to +1 indicating the effect of green space in the given spatial unit. Built-up and 
other (water and vegetated) surfaces were distinguished using these values. 
 
3. RESULTS 
 
3.1. Built-up characteristic 
Table 1 contains areal ratios (%) of the built-up 
area by cells along the cross-section. The 
largest built-up density (more than 90%) can be 
found around the centre (cells 9-10, see Fig. 
1C), but the variation from the urban edge to 
the core is not uniform. The proportion of the 
water surface is rather negligible except for the 
cell 11 (River Tisza, see Fig. 1C). Towards the 
eastern parts of the city a second high built-up 
density occurs (cell 15) where the large 
housing estates are located and the magnitude 
of the artificial surfaces remained rather 
significant in the eastern suburbs. 
 
3.2. Mean relative humidity 
Throughout the year we carried out 12 
measurements altogether, with monthly 
frequencies. Because of some technical 
reasons, while calculating means it was not 
possible to include the results of September-
measurement and thus, means were produced 
only for 11 occasions. Due to the differences of 
night-durations, and thus, differences in the 
length of measurements, the number of 
observations changed (max. 10 in winter, while 
7 in summer). Therefore, studying the mean 
change during the whole year, it is possible to 
compare only the first 7 hours of 
measurements. 

Fig. 2, produced by the 8.00 version of the Surfer (Surface Mapping System) software, shows the differences of 
annual mean relative humidity. It is clearly visible that the inner part of town is drier than the outskirts, since the 
greatest negative differences occur over the inner city. The boundaries of drier areas, similarly to the “cliff” of the 

Table 1 On each isopleth Figs., due to the shape of the cross-
section, the centres of cell-pairs located similar distance from 

cell 10 can be found at different aerial distances in reality. 
These real distances and the areal ratios of built-up areas (cell 

10 = 90.5%) can be seen. 
 

cell distance 
(km) 

built-up 
(%) cell distance 

(km) 
built-up 

(%) 
9 0.500 91.4 11 0.500 77.3 
8 1.000 77.8 12 1.118 83.6 
7 1.500 71.7 13 1.414 75.7 
6 2.000 85.6 14 1.803 67.9 
5 2.500 54.2 15 2.121 81.2 
4 3.000 70.4 16 2.500 60.9 
3 3.500 18.9 17 2.915 72.2 

 
 

Fig. 2. Isopleths of the annual mean ∆RH (%) 
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heat island, are quite sharp (here, however, a negative form develops), which appears as a continuous decrease 
from cell 4 to 9. This is caused by the fact that the ratio of artificial surfaces, namely industrial sites, rapidly 
increases from cell 4 which is followed by a higher density of built-up areas. In cells 9 and 10, typically to inner 
city structures, highly built-up areas can be found (Table 1). The driest is the centre (cell 10) where through the 
whole year, at least in the first 6 hours of measurements, there is a more than 5% mean difference in relative 
humidity; moreover, the greatest difference (-6.5%) can be found here, as well. While studying the shape of 
isopleths, the increasing impact of the Tisza river (11.4% water surface in the cell) over the relative humidity is 
well-recognisable at cell 11. The moderate decrease, extending northeast to the centre (cells 11-17) (Fig. 2), has 
two main reasons. On one hand, compared to Szeged centre (cell 10), the distribution of built-up ratio among the 
cells is not symmetric. The mean built-up ratio (74.1%) of the 7 cells located east and northeast to the centre 
(cells 11-17) is higher than that of those 7 cells (3-9) located west to the centre (67.1% mean built-up ratio). This 
is caused by the fact that measurements ended up still inside of the northeastern part of the town (at cell 17), 
whereas the western edge of the cross-section is located outside of the town (Fig. 1C). Another reason of 
asymmetry is that, although on Fig. 2 the cells are located in similar distance from each other, in reality the cells 
located northeast to the central cell (except for cell 12) are situated a bit closer to the centre (Table 1). The 
accumulation of the two phenomena, in their effect taking the same direction, well explains the asymmetric 
structure of relative humidity whereas extending towards cell 17. 

Mean ∆RH values are the highest in the second hour after sunset, but a secondary maximum also arises 
between the fourth and the fifth hours (Fig. 2). After the fifth hour a sudden decrease of the mean ∆RH begins 
both in the inner city and the suburbs. The main reason of this phenomenon is presumably that dew formation 
starts in these hours and thus, the air humidity of the outskirts starts to decrease. 

In Fig. 3 shows the mean of normalized 
values of differences in relative humidity. The 
great advantage while applying this method is 
that every case is taken into consideration in 
the same importance, and thus some individual 
cases with great humidity difference do not 
alter significantly the general picture. Excluding 
the effect of extremely high values, a different 
picture is provided while compared to Fig. 2, 
showing mean ∆RH values, the driest period 
most frequently occured in the fifth hour after 
sunset. 

On the isopleth map, earned by 
normalization, the areas with more frequent appearance of low humidity values throughout the year are better 
presented. This area is located along the cross-section between cells 8 and 14, practically in the most built-up 
parts of the town. Its temporal appearance can be well-correlated with the mean UHI intensity, which was the 
result of parallel temperature measurements, whose maximum value also appeared in the 5th hour especially in 
the cells 8 and 9 (Sumeghy, 2004). 
 
3.3. The night of 17-18 June 2002 
The previous day was a warm summer day 
with a maximum temperature over 28ºC. The 
sky was clear and light wind (1.8-3.6 ms-1) 
blew. After sunset (8.33 PM) the wind 
weakened and its speed was below 2 ms-1 
most of the time except for the early morning 
hours (about 2.5 ms-1 in the period of one hour 
before sunrise). The wind direction was NW in 
the first hours after sunset (1-2 hours), then it 
shifted to N (3-4 hours) and in the last part of 
the night the wind blew from E-NE (5-7 hours). 
During the night an anticyclon centered over 
Hungary prevailed in the region with an air 
pressure over 1020 hPa. At night the sky 
remained clear and the temperature dropped under 17ºC. 

Taking the short summer nights into consideration, the number of measurement turns were 7. Temperature 
measurements, carried out parallel, showed the formation of a strong UHI with a maximum of more than 4.5ºC. 
The peculiarities of ∆RH field structure (Fig 4) can be explained clearly by above-mentioned gradual changes of 
wind direction and speed. The sudden change, occured in the 5th to 7th hours after sunset to the northeast also 
can be explained by the strengthening and turning towards northeastern wind took cooler and more humid rural 
air mass to the block-house district. This caused a significant decrease in ∆RH (5% in cells 15-17 within 1.5 
hours). 
 

 
 

Fig. 4. Isopleths of ∆RH (%) during the night of 17-18 June 
2002 

 
 

Fig. 3. Isopleths of the mean normalized ∆RH (dimensionless) 
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3.3. The night of 12-13 February 2003 
The previous daytime hours were cold winter 
hours with a maximum temperature of -3ºC and 
with an almost clear sky. After sunset (5.00 
PM) the sky remained perfectly clear. During 
the night the temperature sank under -18ºC, 
and the wind was very light (max. 1 ms-1).  
The wind direction was NW in the first hours 
after sunset (1-3 hours), then it shifted to W (4-
10 hours). An anticyclon centered N from 
Hungary prevailed in the region with an air 
pressure between 1030 and 1035 hPa. The 
surrounding rural areas were covered with 
compact icy snow, while some parts of the city 
(mainly the streets and parking lots) were 
cleared and the remaining snow was soiled 
and partly piled. 

In accordance with the long winter nights, the 
number of measurement turns was 10. The 
parallel carried-out temperature measurement detected a very strong UHI, whose maximum almost reached 8ºC. 
In the same time a (positive) difference of 11% in relative humidity occured over the inner city (Fig. 5). This could 
be caused on one hand by the fact the significantly higher urban temperature (which however still stayed well 
under 0ºC) encouraged the evaporation of the surface covered by deep snow, while the -20ºC in the outskirts did 
not. On the other hand, in the severe coldness extra humidity derived from the combustion sources in the city as a 
surplus. Fig. 5 shows that the structure extending towards east-northeast, beyond the above-mentioned 
peculiarities of the town, is the result of the winds turning towards W. 
 
3. CONCLUSIONS 
 
The following conclusions are reached from the analysis presented: 

(i) In agreement with the results of the previous research, relative humidity reached lower values inside of the 
town than in the outskirts (in close connection with the UHI phenomenon). Therefore, the driest inner parts of the 
city are sharply separated from the outer, more humid areas. ∆RH values usually increase until some hours after 
sunset and then after some time a decrease starts. 

(ii) Spatial structure of the ∆RH field is strongly influenced by urban parameters. In some situation this, 
however, can be also affected by meteorological factors and anthropogenic effect. In some special cases the 
relative humidity of the town can be much higher than that of the outskirts. 

(iii) The usefulness of the normalized values in the investigation of the cross-section relative humidity 
distribution in the urban area is proved. It came to light that the highest ∆RH values most frequently occur in the 
fifth hour after sunset. 
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MEASUREMENTS OF MEAN RADIANT TEMPERATURE IN DIFFERENT URBAN STRU CTURES  
Sofia Thorsson, Fredrik Lindberg, Ingegärd Eliasson, Björn Holmer 

Göteborg University, Göteborg, Sweden 
 
 
Abstract  
 
The mean radiant temperature (Tmrt) is one of the most important meteorological parameter governing human 
energy balance and has therefore a strong influence on thermophysiological indices like Physiological Equivalent 
Temperature (PET) and Predicted Mean Vote (PMV). There are several ways to determine the Tmrt described in 
the literature. In this paper two different methods for measuring Tmrt are used and compared, i.e. from integral 
radiation measurements and from simple black globe temperature measurements. Measurements were 
performed in two different urban structures, i.e. a square and a courtyard in central Göteborg, Sweden. 
 
Key words:  integral radiation measurements, globe thermometer, urban context  
 
1. INTRODUCTION  
 
The mean radiant temperature (Tmrt), which is defined as the “uniform surface temperature of an enclosure in 
which an occupant would exchange the same amount of radiant that as in the actual nonuniform enclosure” 
(ASHRAE 2001) is one of the most important meteorological parameter governing human energy balance. There 
are several ways to determine the Tmrt (Fanger 1972). The most accurate, but also the most costly and complex 
techniques are from integral radiation or surface temperatures measurements (Höppe 1992, VDI 1998, Mayer et 
al. 2004). Another and a more simple way to determine Tmrt is by using a globe thermometer. Though convenient, 
the use of the globe thermometer for outdoor purpose has been criticised, mainly due its long response time 
(ASHRAE 2001). In a radiant nonuniform environment, the globe thermometers, with its spherical shape also 
overestimate radiation from the ground and above (ASHRAE 2001).   

In this paper integral radiation measurements carried out in a square and in a courtyard in the central city of 
Göteborg, Sweden are presented, with the objective to describe radiation fluxes and mean radiant temperature 
pattern in different urban structures. Two different ways to determine the mean radiant temperature are presented 
and compared, i.e. from integral radiation and globe temperature measurements. 
 
2. METHODS 
 
2.1 Study area   
 
Micrometeorological measurements were performed in a large open square and in a small sheltered courtyard in 
central Göteborg (57°42’N, 11°58’E), Sweden during fo ur clear and semi-cloudy days in October 2005. The 
square has a spatial extension of approximately 100 times 60 meters and the surrounding buildings are 3-4 
stories high (Figure 1a). The courtyard has a spatial extension of approximately 60 times 20 meters and the 
surrounding buildings are 1-2 stories high (Figure 1b). 
 

 
   
2.2 Micrometeorological measurements and instrument  setup 
 
Air temperature, globe temperature, relative humidity, wind speed as well as three-dimensional short- and long-
wave radiation flux densities were measured every minute at 1.1 m above the ground, corresponding to the 
average height of centre of gravity for adults (Mayer and Höppe 1987).  

The instrument setup used for the integral radiation measurements is shown in Figure 2. Three net 
radiometers (Kipp and Zonen, CNR 1), each measuring the four radiation components separately, i.e. short- and 

 A  B 

Figure 1 A) Square (right: 
north) and B) Courtyard 
(right: north) 
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long-wave incoming and outgoing fluxes, were mounted on a steel stand in order to measure the three-
dimensional radiation field affecting human beings.  

 

 
 
 
 
 
 

The globe thermometer used in the present study is shown in Figure 3. The thermometer consisted of a 38 
mm-diameter, 1 mm thick, acrylic hollow sphere, coated in flat grey paint with a pt100 at its centre (Humphreys 
1977).  
 
2.3 Calculations of the mean radiant temperature 
 
The Tmrt was determined from the integral radiation measurements according to Höppe (1992) and VDI (1998). 
Tmrt is given by:  
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where: Sstr = mean radiant flux density, Ki = short-wave radiation fluxes (i=6), Li = long wave radiation fluxes (i=6), 
Fi = angle factors between a person and the surrounding surfaces (i=6), ak = absorption coefficient for short-wave 
radiation (standard value 0.7), al = absorption coefficient for long-wave radiation (standard value 0.97) and σ = 
Stefan-Boltzmann constant (5.67×10-8 Wm-2K-4). Fi depends on the position and orientation of the person (Fanger 
1982). For a (rotationally symmetric) standing or walking person Fi are: 0.22 for radiation fluxes from east, south, 
west and north directions and 0.06 for radiation fluxes from above and below.  

The Tmrt was also determined from globe temperature measurements according to ASHRAE (2001). Tmrt is 
given by: 
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where: tg   = globe temperature (°C), Va = air velocity (ms-1), ta  = air temperature (°C), D  = globe diameter (mm) 
and є   = emissivity (0.95 for a black globe) 
 
3. RESULTS AND DISCUSSION 
 
Results from integral radiation measurements and calculated Tmrt in two different urban structures, i.e. a square 
and a courtyard (Göteborg) in October 2005 are presented and discussed below. 
 
3.1 Square 
 
Figure 4a shows the six short-wave radiation fluxes from the four cardinal points as well as from the upper and 
lower hemisphere; Keast, Kwest, Ksouth, Knorth, K↓ and K↑ from sunrise to sunset in the square on October 11, 2005. 
October 11 was a clear and relatively calm day (vmean = 1.7 ms-1). K↓, K↓ and Ksouth reached their maximum 
around the local solar noon. Keast reached its highest value in the morning, when the site was sunlit from east and 
Kwest reached its highest value in the afternoon, when the site was sunlit from west. Ksouth was on average twice as 
large as K↓, which is due to the low sun elevation angle at noon (27.4 °) for Göteborg in early October.  

Figure 4b shows the six long-wave radiation fluxes Least, Lwest, Lsouth, Lnorth, L↓ and L↑. As shown, L↓ was 
almost constant through the day. As the surface temperature increased throughout the day, L↑, Least, Lwest, Lsouth 

Figure 3. Globe thermometer. 
 

Figure 2. Instrument setup for measuring the 
three-dimensional short- and long-wave 
radiation field affecting human beings. 
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and Lnorth became larger and reached their maximum in the afternoon. The Lwest, Lsouth and Lnorth maxima 
coincided rather well with the Ta maximum that occurred in the early afternoon. However, Least reached its 
maximum when the north oriented wall was sunlit and Kwest was at its highest.  

Figure 4c shows calculated Tmrt from integral radiation (Tmrt (i.r.m.)) and simple globe temperature 
measurements (Tmrt (Tg)) along with Ta. Tmrt reached its highest values in the afternoon, between 1 and 2 p.m. 
They amounted to 46.9 °C and 43.5 °C respectively. That is about 17 and 14 °C, respectively higher tha n Ta.  
 
3.2 Courtyard 

Figure 4d shows the six shortwave radiation fluxes in the courtyard on October 7, which was a clear and calm day 
(vmean = 1.1 ms-1). Due to the low sun elevation the place and thereby the instruments was in shade most of the 
day, expect between ca 1440h and 1550h.  

Figure 4e shows the six long-wave radiation fluxes. As the surface temperature increased throughout the 
day, the long-wave radiation fluxes became larger and reached their daily maximum in the afternoon. Lnorth 
showed the highest values due to the north oriented wall was sunlit almost the whole day.  

Figure 4f shows Tmrt (i.r.m.), Tmrt (Tg) and Ta. Tmrt reached its highest values in the afternoon, when the site was 
sunlited. As for the square Tmrt (Tg) was higher than Tmrt (i.r.m.) when the instruments was in shade. Ta  was rather 
similar to Tmrt , except when the site was sunlit. 
 

 
Figure 4. a) short-wave radiation fluxes, b) long-wave radiation fluxes and c) Tmrt and Ta in the square on October 
11, 2005. d) short-wave radiation fluxes, b) long-wave radiation fluxes and c) Tmrt and Ta in the courtyard on 
October 7, 2005. 
 
3.3 Determination of T mrt  from integral radiation measurements versus globe temperature measurements 
  
Figure 5 shows Tmrt (i.r.m.) versus Tmrt (Tg) in the square and in the courtyard during clear and semi-cloudy weather 
conditions in October 2005. As shown Tmrt determined from globe temperature measurements overestimates the 
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Tmrt during shaded conditions, but underestimate the Tmrt   during sunny conditions. The negative bias during 
sunny conditions could be explained partly by the different shapes between the globe and the standing man and 
partly by the albedo of the globe thermometer. The negative bias during shaded conditions could be explained by 
the emissivity of the globe thermometer. As expected the scattering is larger during semi-cloudy weather 
conditions than during clear weather conditions, which can be explained by the response time of the globe 
thermometer (Nikoloupolou et al. 1999). The globe thermometer seams to work almost as well in the courtyard, 
with its complex form as it does in the square, which could almost be considered as an “ideal” site, due to its 
horizontal, homogeneous and extensive characteristics.  
 

 
 
Figure 5. Mean radiant temperature determined from integral radiation measurements (Tmrt (i.r.m.)) versus mean 
radiant temperature determined from globe temperature measurements (Tmrt (Tg)) during a) clear weather 
conditions in the square, b) semi-cloudy weather conditions in the square, c) clear weather conditions in the 
courtyard and d) semi-cloudy weather conditions in the courtyard October 2005. Black solid circles show 
calculated Tmrt during shaded conditions and white solid circles show calculated Tmrt values during sunny 
conditions 
 
4. CONCLUSIONS AND FURTHER RESEARCH 
 
The objective of the present study was to describe radiation fluxes and mean radiant temperature pattern in 
different urban structures. Two different ways to determine the mean radiant temperature were presented and 
compared, i.e. from integral radiation measurements and from globe temperature measurements. The present 
study indicate that despite its simplicity the globe thermometer works rather well in different outdoor settings, 
especially during clear weather conditions and that it can be used to determine the Tmrt. However, the globe 
material characteristics and the influence of shape will be further examined through additional field studies.  
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Japan 
 

Shuji YAMASHITA*, Yuzuru YAMAZOE** and Tadayasu TSUJI*** 

*Emeritus Tokyo Gakugei University, **Nihon University, ***Life Weather Business Co. Ltd. 

 

Abstract: GLOBE is a world-wide environmental education program of “Global Learning and Observations to 

Benefit the Environment”. Now over 100 countries are participating in this program. Within this program GLOBE 

Japan center establishes the special programs, one of which is study of heat island phenomena which is a quite 

useful and convenient theme for environmental education. In this report we show some examples of heat island 

studies done by junior and senior high school students in Japan. 

Keyword: GLOBE, heat island, environmental education 

 

1. INTRODUCTION 

Temperature is one of the most fundamental conditions for anything including the earth itself which has however 

her own basic temperature, that is 255K of radiative equibrium temperature. At present the global warming of the 

earth is one of the most serious and urgent issues among scientific, social and political issues over the world. The 

urban warming can be thought to be the preceding phenomena to global warming. We have already proposed an 

idea of using heat island phenomena for environmental education, in particular for bringing up environmental 

ethics (Yamashita, et. al., 1999). Environmental education is more important in one sense than scientific 

researches. Heat island phenomena are one of the best examples for understanding global warming and 

environmental issues. Then we present here at ICUC-6 one example making use of heat island phenomena. 

 

2. GLOBE PROGRAM 

GLOBE is “Global Learning and Observations to Benefit the Environment” program and at the Earth Day (April 

22) of 1994 the then US Vice-President Al Gore proposed this world-wide education and science program to all 

over the world. Namely, GLOBE is a holistic program coordinating the work of students, teachers, and scientists to 

study and understand the global environment, and also an international partnership involving countries around the 

world. Fig. 1 shows a part of front page of GLOBE HP in US. In this program students observe their environment 

such as atmosphere, water, soil, land cover, phenology and so on by themselves, and transmit their measured 

data to The GLOBE head office in US via the internet and also can receive the images composed of data 

gathered from Globe schools of the world including their school.  The goals of GLOBE are as follows; 

*Increase environmental awareness of individuals throughout the world, 

*Contribute to scientific understanding of the Earth, 

*Help students everywhere reach higher standards in science and mathematics. 

At present over one hundred countries, over ten thousand schools, and innumerable students have been 

Corresponding author’s address: Dr. Shuji Yamashita, 4-51-5 Akabane-Nishi, Kita-ku, Tokyo, JAPAN. 115-0055  yamkkfrog88@yahoo.co.jp 
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participating in this program. Already ten years have passed and this program is still expanding regionally and 

also observationally. The protocols are determined for each observation item according to scientific and 

professional examinations and calibrations. 

 

3. GLOBE ACTIVITIES IN JAPAN 

In Japan GLOBE contract with US Government was signed on August 1995 by the Ministry of Education (present 

Ministry of Education, Culture, Sports, Science and Technology) and the Environment Agency of the Japanese 

Government at that time. The Ministry has assigned GLOBE Program to the Field Studies Institute for 

Environmental Education (FSIFEE) attached to Tokyo Gakugei University. The Ministry is responsible for financial 

aids, on the other hand FSIFEE has been responsible for management, namely scientific, observational and 

technical problems relating to GLOBE protocol. In Japan the Ministry appoints GLOBE schools every two years. 

At the first stage 21 junior high schools were appointed in 1995 and named as Model I schools. At present the 

sixth stage is preceding. So far over one hundred schools have been participating in this program in Japan. 

Besides, we GLOBE Japan established our own program, that is ,EILNet such as heat island phenomena, 

communing with river, dandelion and her environment, acid rain and its effects, soundscape, food culture and 

lifestyle. In Japan heat island program is taking into some GLOBE schools in Japan. So far we have been 

coordinating this study subject of heat island phenomena since then, so we would like to present some results 

here at ICUC-6. 

 

4. HEAT ISLAND STUDIES IN GLOBE 

The purpose of the environmental education is to bring up environmental ethics according to the understanding of 

physical system. Learning by the experience is one of the best ways of education to understand physical 

environmental system, that is, earth’s radiative equilibrium system. Heat island is quite familiar phenomena 

because at the present almost two third of population is living in urban area at the developed countries. At the 

IAUC Conference in Sydney we have already presented our idea of making use of urban heat island phenomena 

to understand thermal pollution of the earth which would be the most serious and final issues against human 

beings (Yamashita, et.al., 1999).  

Here shown are the actual learning studies of urban heat island which were executed at junior and senior high 

schools in Japan. One example is indicated at Fig. 2 which made by Satoe-Higashi Junior High School located in 

the central part of Kanto plain where Tokyo Metropolitan Area is located. This is a private school where students 

are coming from broad radius in Tokyo Metropolitan Area. In general high school students in Japan have many 

restraints of their activities, therefore observation time is set up at 9:oo pm when for them it is rather free after 

dinner. They observe air temperature at the front of their house with a thermometer distributed by GLOBE school. 

Also they adopt dot map rather than isothermal map because many students are generally not familiar with 

drawing isothermal line of heat island. This kind of approach has been done by Warabi Second Junior High 

School, Musashino Junior High School and so on. 

It is useful and relatively easy to carry out this heat island project at a school located in an urban area because 
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there are usually some contrasts in landuse like residential, commercial and so on. This kind of study is done by 

Hirano Senior High School in Osaka Pref., Utunomiya Technical Senior High School in Utunomiya city, Kumamoto 

University’s Senior High School and so on. The meaning of these studies exist in collaborations of students 

themselves. 

Also special training workshops done at Yoyogi Park in central Tokyo are done at the student’s meeting. Through 

these practices, we think that their understanding the relationships between the nature and human beings like 

global warning is advancing and is improved. 

 

5 CONCLUDING REMARKS 

In this report we strongly insist on the importance and necessity of environmental education for maintaining the 

present condition of the earth. At present day there is onsiderable fear of global warming caused by human 

activities. It is concluded that heat island phenomena is one of the best teaching material for understanding the 

relationship between human activities and natural environment. And also it is able to cause each student to grasp 

his own environment and its value. 

Yamashita, S. and Higuchi, T. ,1999. The GLOBE and EILNet Programs in Japan. Environmental Education 

Studies, Tokyo Gakugei University No.9, 15-24. 

Yamashita, S. Tsuji, T., Yamazoe, Y., Hara, Y. ,1999. Global warming, urban warming and environmental education. 

Presented at ICUC-4 held in Sydney, Australia. 

Yamashita, S. et. al.,1999.  A Practice of Environmental Education in Using Heat Island Phenomena. 

Environmental Education Studies, Tokyo Gakugei University No.11, 25-34. 

 

 

 

 

 

 

Fig.1  A glance at front page of GLOBE HP.  URL: http://www.globe.gov 

 

 

 

 

 

 

 

 

Fig.2 Examples of heat island of Tokyo Metropolitan Area observed by Satoe-Higashi Junior High School  

students. Left: Mar. 14, ‘03, fine, Right: Oct. 31, ’04, cloudy. (quoted from Annual Report of GLOBE Japan) 
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Atsumasa Yoshida, Masato Moriyama, Kazuma Gonsui and Hiroki Murakami 
Osaka Prefecture University, Sakai, Japan 

 
 
Abstract 
 
Continuous measurements of air temperature were performed in the instrument shelter at the measurement 
points for Osaka City, Sakai City, and Hirakata City where the location was different in Osaka Prefecture area. 
The influence by the difference of the land use to the air temperature was clarified by measuring the stationary 
point where the land use was different. Presence of the land and sea breeze, the seasonal wind speed and the  
location were taken up as the factors that influenced the air temperature distribution, and the characteristic was 
analyzed. The air temperature distribution chart in Sakai City was made based on the analyzed measurement 
data, and the present thermal environment were clarified. As the countermeasure against the thermal 
environment in urban area, the membrane materials with small solar absorptance were selected. These solar 
absorptances and infrared emittances were measured. We applied the measured values to the numerical 
calculation and evaluate surface temperature for construction and sensible heat flux to the atmosphere. 
Consequently, the surface temperature is lower and the sensible heat flux decreases. So, it is expected that 
membrane materials mitigate the heat island phenomenon. 
 
Key words: heat island phenomena, air temperature distribution chart, land use, sea breeze, countermeasure, 
membrance material, solar absorptance, thermal load 
 
 
1. INTRODUCTION  
 
Recently, the heat island phenomenon that the air temperature in urban area becomes higher than that in the 
suburbs and the surrounding rural area is confirmed in a lot of cities, for example Tokyo and Osaka in Japan. 
In summer, the thermal comfort in outdoor space is making worse and the photochemical reaction is activated 
according to the heat island phenomenon. The increase in energy for air-conditioning, and therefore the 
increase in the heat release according to it cause the vicious circle of rise of the air temperature further. The 
heat island task force is set up in Osaka Prefecture, and as the counter measures, the energy saving of the 
equipments and the promotion of greening on the rooftop and the trunk road are examined. 
 
In the present study, the stationary measurements have been performed in Osaka City, Sakai City and 
Hirakata City. The population is about 2.7, 0.8, 0.4 million, respectively. Sakai City is adjacent to the south of 
Osaka City. Osaka City and Sakai City face Osaka Bay. Hirakata City is located in 20 km in the northeastern 
direction of Osaka City along the Yodo River. A lot of cities continuously range to the Osaka Plains including 
these cities. The influence by the difference of the land use to the air temperature is clarified by measuring in 
the place where the land use is different. The influence by the presence of the land and sea breeze and by the 
seasonal wind speed is also investigated. Moreover, the comparison of air temperature in three cities has been 
performed in consideration of the terrain position and the population. The air temperature distribution chart in 
Sakai City is made based on the stationary measurement data, and the current state of the thermal 
environment is clarified. 
 
As the coutermeasures against the, it is very important to control the radiation. Therefore, we notice membrane 
materials which have small solar absorptance. In the present study, we selected three membrane materials of 
polytetra fluorine ethylene (white, gray, yellow green), and these solar absorptances and infrared emittances were 
measured. These solar absorptances were 0.192, 0.530, 0.698 and infrared emittances were about 0.9. We 
applied the measured values to the numerical calculation and evaluate surface temperature for construction and 
sensible heat flux to the atmosphere. Consequently, the surface temperature is lower and the sensible heat flux 
decreases. So, it is expected that membrane materials mitigate the heat island phenomenon. 
 
2. STATIONARY MEASUREMENT POINTS AND PIORID 
 
The measurement device was set up in the instrument shelter chiefly in the elementary school. The number of 
measurement points was 10 in Sakai City, 16 in Osaka City, 2 in Higashi-Osaka City and 17 in Hirakata City 
indicated by the sign � shown in Fig. 1. The measurement points were chosen in Sakai City as the land use of 
surroundings was different. The measurement points in Osaka City and Higashi-Osaka City were chosen to be a 
row from the coastline in one straight line. One measurement point was in all sides of 2km in Hirakata City. The 
measurement point targeted in the present study is the following nine points. Point 1 is located near an urban 
center part. Point 2 is in the residential quarter, and there is Point 3 in close contact with a large-scale green park. 
Point 4 is a residential quarter near the coastline, and Point 5 is a residential quarter in suburbs. The above-
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mentioned measurement point is in Sakai City. Point 6 and Point 7 are residential quarters in the Osaka city. Point 
8 and Point 9 are residential quarters in Hirakata City. 
 
The air temperature was continuously measured in summer and winter of 2002-2004 at the measurement points 
in Sakai City and Osaka City every ten minutes of about three months. Similarly, a continuous measurement 
every ten minutes was done for about two months in summer of 2003 and 2004 at the measurement points in 
Hirakata City. 
 
3. MEASUREMENT RESULTS AND DISCUSSION 
 
The clear weather days that the land and sea breeze developed was selected in summer. Figure 1 shows that 
daily minimum air temperature difference (∆Tmin) and daily maximum air temperature difference (∆Tmax) 
between Point 1 near the center part in the Sakai City and Point 2-9. As for × sign in Fig.1, the air temperature 
difference means 0. As a condition of the day that the land and sea breeze developed, the wind direction was 
superior from east in nighttime (1:00-5:00) and west in daytime (10:00-15:00) by using the data of AMeDAS in 
Sakai and Osaka District Meteorological Observatories. The days were assumed with 70% or more in the 
sunshiny time at the all days durations as a condition of the clear weather day. The total days that exist in the 
condition are 39. 
 
The air temperature difference with Point 1 was great at Point 3 on accout that it was near a large-scale green 
park. Because air with lower temperature was carried from the sea in daytime, the air temperature at Point 2 and 
4 did not go up so much, and the air temperature difference with Point 1 was great in the state that the sea breeze 
developed as the result. As for Point 5 located in suburbs, the air temperatures were lower than that at Point 1 in 
daytime and nighttime, and the difference is greater in nighttime. The daily maximum and minimum air 
temperature differences at Point 6 located in Osaka city were about 1� higher than that at Point1. The daily 
maximum air temperatures at Point 7-9 were higher than that in Point 1 or the same level because the air warmed 
in the center part of Osaka City blew into the inland by the sea breeze. The air temperature in nighttime lowered 
in order of Osaka City, the coast area in Sakai City, Hirakata City, and the suburbs in Sakai City. 
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                                         (a) Osaka City and Sakai City                 (b) Hirakata City 

Fig.1 Air temperature difference in summer on fine day with sea-land breeze 
 
4. MAKING OF AIR TEMPERATURE DISTRIBUTION CHART 
 
The air temperature distribution chart was made by using the data of the stationary measurement points to 
understand a current thermal environment in Sakai City. The air temperatures of the grid points other than the 
measurement points were presumed by doing on the interpolation from the air temperature data at all 
measurement points in Sakai City to each grid with all sides of 100m. At this time, the weighting average of the 
reverse-quadratic of the distance was adopted as the objectivity analysis method. The interpolation is shown by 
the following equation. 
 

                                                                                                      (1) 
 
where T indicates the interpolated air temperature and Tk indicates the modified air temperature from the 
measurement data at the point k in consideration of the land use described later, and rk indicates the distance 
between the grid point and the measurement point k. The total number of the measurement points was 10. 
 
The influence level that each land use gave to the rise or the descent of air temperature was obtained by the 
regression analysis with the measurement data. The land use was classified into five kinds. The category number 
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1 was made agricultural site. No.2 was made park and green area. No.3 was made residential area and school, 
No.4 was made commerce and business area. No.5 was made water surface such as river. Minute digital land 
use of 10m mesh in Osaka area in 1996 on the Geographical Survey Institute issue was used as land use data. 
 
The value in which the mean value of all measurement points is subtracted from the air temperature Ti  of a 
certain measurement Point i is assumed to be ∆Ti. The influence of each land use on ∆Ti, that is the air 
temperature sensitivity α1-α5  was evaluated by Eq. (2). As for the air temperature decrease by the altitude, if the 
altitude rose by 100m, the air temperature was assumed to be a decrease at 0.6�. We checked a spatial range 
where the land use influenced the air temperature formation of the measurement points. The range was firstly 
assumed to be all sides of measurement Point 100m in surroundings, and was expanded by 100m. The range 
with the largest correlation coefficient between the measurement data and each value obtained from the 
regression by Eq. (2) was made a range where the land use influenced the air temperature formation of the 
measurement Point. As a result, the highest correlation was obtained in the case of 800m, and the correlation 
coefficient was 0.81. 
 
                                                                                                                     (2) 
 
where Ci,j, means the land use proportion around Point i and Hi means the altitude (m) of Point i. Figure 2 shows 
the air temperature sensitivity αj (j=1-5) of each land use in summer and winter at AM 6 that the daily minimum air 
temperature is recorded, at PM2 that the daily maximum air temperature is recoded, and at PM9 in nighttime. The 
average value from α1 to  α5 is zero. It is meant to always push up the air temperature when the land use is 
residential land and the schools (No.3), and commerce and business ground (No.4). The air temperature rise of 
about 2� is expected on commerce and business ground, and the influence is large. It is meant that the air 
temperature always decreases in the park and the green area (No.2). It is especially large in summer and is about 
2�. Though it is shown that the air temperature decreases in the water surface (No.5) in summer, it is shown to 
rise oppositely in winter. As for the agricultural site (No.1), it is almost value of the middle of the park, the green 
area, and the water surface. 
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Fig.2 Air temperature sensitivity of land use 
 
The air temperature distribution chart of the Sakai City was made based on the measurement data at the 
stationary points. Figure 3 shows the detailed air temperature distribution in Sakai City at AM6 and PM2 on the 
day that the sea breeze develops in summer. The extension and the strength of the heat island in the Sakai City 
are made clear from these figures. The air temperature can be higher than suburbs, and the heat island 
phenomenon can be confirmed to an urban center area in the northwest in Sakai City. It is possible to confirm 
remarkably in AM6 at the dawn, and the air temperature difference between the urban center and the suburbs is 
about 3�. Because the influence of the sea breeze was strong in PM2 in daytime, it was confirmed that there was 
hardly a temperature difference in the almost whole area of Sakai City and 33� or more was recorded. The  
 

 
              (a) AM6                                             (b) PM2      

Fig.3 Air temperature distribution chart of Sakai City in summer 
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air temperature was low in the Osaka bay coast part. The feature in summer from daytime to nighttime is that the 
air temperature difference becomes small compared with winter. 
 
5. MITIGATION TRIAL BY USE OF MEMBRANE MATERIAL FOR CONSTRUCTION 
 
As the samples, three membranes were made of polytetra fluorine ethylene and the color is white (No.1), gray 
(No.2) and green (No.3). High reflectance painted coating samples were white (No.4), gray (No.5) and 
yellowgreen (No.6). The sample No.7 was made from concrete. Figure 4 shows the total solar reflectance R, 
transmittance T and absorptance A  of all samples obtained from the.spectral data of hemispherical reflectance 
and transmittance. The transmittance of the membrane materials were almost the same. The reflectance of the 
white membrane and coating was very high compared with the colored materials. The measured infrared 
emittance ε  of the samples were shown in Fig.5 by using an error bar. 
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Fig.4 Solar properties of samples                          Fig.5 Infrared emittance of samples 

 
In the present study, the rooftop side in a concrete building was assumed, and the daily change of the surface 
temperature was numerically simulated. The relation between the radiation properties of the surface material and 
the surface temperature was clarified, and the mitigating effect on heat island phenomenon was examined. The 
result obtained in a current chapter was used for the radiation properties. Meteorological conditions were 
assumed to be a typical state at the midsummer. We evaluated two case that the membrane materials for 
construction was set up at the height of 2m from the roof and the high reflectance painted coatings were covered 
with the roof. Sequentially from the surface of the roof, thinness of mortar was 2cm, that of concrete was 17cm, 
that of glass wool of insulation for residence was 10cm and that of interior material of cement was 1cm. So, the 
part under the roof consisted the layer of these 30cm. The sensible heat fluxes from concrete, the white 
membrane and the high reflectance white coating to atmosphere were shown in Fig.6. Compared with the 
concrete surface, the sensible heat fluxes to atmosphere from the membrane material for construction and the 
high reflectance painted coating were much lower. Especially, the membrane material is effective as the heat 
island measures. 
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Fig.6 Sensible heat flux to atmosphere 

6. CONCLUSIONS 
 
The following conclusions were obtained as a result. (1) The air temperatures at a lot of measurement points in 
Osaka City were higher than those in the center area in Sakai City. The air temperatures in Hirakata City were 
almost the same as those in Sakai City. (2) When the sea breeze developed, the air temperature decreased in the 
Osaka Bay shore region. However, the air temperature rose in the east part of Osaka City region and Hirakata 
City where the sea breeze corresponded under the wind. (3) The air temperatures in Sakai City were the highest 
in the urban center area in the northwest part, and were lower in suburbs. It was confirmed that the heat island 
phenomenon appeared. (4) The surface temperature of the membrane materials was lower in comparison of 
concrete surface, so the thermal load to construction could become smaller. And the sensible heat flux to the 
atmosphere was smaller and this fact could prevent the air temperature from increasing. 
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MITIGATION OF HEAT ISLAND BY USE OF TRANSPIRATION FROM GREEN 
COVER AND WATER-RETENTIVE CERAMIC MATERIAL 

Atsumasa Yoshida, Kohei Yamaguchi, Kazuma Gonsui, Kohei Fukumori 
Osaka Prefecture University, Sakai, Japan 

 
 
Abstract 
 
The present study is aimed at predicting the transpiration rate of a single tree. The sap flow velocity that flowed in 
the trunk of a tree, and the transpiration rate of each leaf were measured under the various weather conditions. 
The transpiration rate of the tree was estimated based on these measured results of the leaves by use of a tree 
model, compared with the data of the sap flow velocity. The latent heat flux in the object area planed with some 
trees was assumed as an index for improvement of the thermal environment. A continuous water evaporation 
system using a water retentive ceramic material was also developed for introduction into an existing building 
easily to take the place of greening in the rooftop, and the influence given from the evaporation rate and the 
surface temperature to the surrounding thermal environment was evaluated. 
 
Key words: transpiration rate, pore conductance, plant physiology, sap flow, latent heat flux, water-retentive 
ceramic, evaporation rate 
 
 
1. INTRODUCTION  
 
Green cover is well known to be effective as one of the easing plans of heat island phenomenon in urban area. 
The transpiring action of plants is paid to attention in the present study, though there are several important roles of 
green cover such as the insolation cover, the protection against air pollution and the improvement of amenity. The 
transpiration from urban plants can increase the amount of latent heat transfer as watering the pavement, and the 
lowering the surface temperature can be expected. It is necessary to evaluate quantitatively the transpiration rate 
to the effective arrangement of plants. 
 
In the present study, the transpiration rate of green leaves was measured under the various weather conditions. 
The sap flow velocity was measured to estimate the transpiration rate of a single tree. The transpiration rate of the 
tree was estimated based on these measured results of the leaves by use of a tree model, compared with the 
data of the sap flow velocity. The latent heat flux in the object area planed with some trees was assumed as an 
index for improvement of the thermal environment. 
 
Recently, the increase of the amount of the latent heat transfer has been known to be effective well as a 
countermeasure for the heat island phenomenon. In the present study, a water retentive ceramic material was 
selected as the sample, and the influence given from the evaporation rate and the surface temperature to the 
surrounding thermal environment was evaluated. 
 
2. MEASUREMENT OF TRANSPIRATION RATE 
 
The tree of the measuring object was chiefly a camphor tree with 9 m in height planted in the sunny place in 
Osaka Prefecture University. The selection reasons are that camphor trees are popular planed as street trees, 
and the transpiration rate is expected to be large in view of plant physiology. 
 
The transpiration rates for unit area of each leaf Jp (µg/cm2/s) were measured on site by using a diffusion 
porometer. To keep absolute humidity constant, the dry air was thrown into the measurement room where a leaf 
was cought. The transpiration rate was calculated from the flow rate of dry air etc.. The air temperature Ta, the 
surface temperature of leaf T, the relative humidity Rh, and the amount of photon Q were measured at the same 
time as a surrounding meteorological element. The amount of photon is a number of photons in the wavelength 
region of the solar light that the plant uses by photosynthesis. The transpiraton rate of a single leaf is generally 
shown by the following equation.  
 

Jp  = gbgs(ρl - ρc)/(gb + gs)                                      (1) 
 
where gb means conductance of leaf surface boundary layer, gs means pore conductance, ρl means water vapor 
density on the leaf surface, and ρc means water vapor density of the surrounding atmosphere. Water vapor is 
assumed to be in the saturated condition on the leaf surface. The conductance gb is a function appreciable by the 
boundary layer theory of fluid dynamics. It can be said that accurate evaluation of pore conductance gs will enable 
the prediction of the transpiration rate. In order to deal with pore conductance, a model proposed by Jarvis (1976) 
was employed in the present study. This is shown as a product of each function of amount of solar photon, vapor-
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pressure deficit, and surface temperature of leaf. Vapor-pressure deficit is defined by the difference between the 
saturated water vapor pressure on the leaf side and the atmospheric water vapor pressure. 
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Here, it was assumed Tl=10� and Th=40�. The optimal value was requested by using the nonlinear least square 
method about unknown parameter (gsmax, a, b, T0) of the remainder. The transpiration rate predicted by using gs 
and Eq. (1) was assumed to be Jppre, and is compared with the measured value Jpobs. Figure 2 shows the results. 
The deviation became a little large and the correlation coefficient was 0.69. However, it can be said that the 
transpiration rate of a single leaf is predictable according to surrounding weather elements. 
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Fig. 1 Comparison between measured and predicted 

transpiration rates of a single leaf 
 
The sap flow velocity was measured by using Granier method (1987) to presume the transpiration rate of a single 
tree. Figure 2 shows the outline of the Granier method. The needle that provides with the heater and the thermo-
couple is inserted in the trunk of tree. The position is made point x, and the heater temperature is measured. 
Moreover, the temperature of point Y that the heater needle is located a little below is measured as a reference. 
When the sap flow velocity vanishes, the temperatures difference (∆TX-Y) between two sensors takes the 
maximum. When the flow increases, the measured temperatures difference becomes small. If the relation 
between ∆TX-Y and the sap flow velocity is known, the tranpiration rate of a single tree can be measured 
comparatively easily. There are advantages such as the travel time and the distance between the heater and the 
sensor need not be considered compared with a general heat pulse method, and the continuous measurement 
can be realized. It is thought that the transpiration rate of a single tree can be obtained by the measured 
distribution of the sap flow velocity, and then the average value multiplied by the sectional area of sap wood. The 
measurement was done in two direction of the south and north sides, and two points of 70mm and15mm. 
Temperatures difference (∆TX-Y) was sampled every minute. The horizontal solar irradiation Sr, the air 
temperature Ta, and the relative humidity Rh were measured, and these values were output at the same time as a 
mean value for ten minutes. Figure 3 shows the daily change of the sap flow velocity u(cm/h) on October 16. The 
sectional area of sap wood was presumed by radially extracting the sample of the tree with a special gimlet, and 
confirming it by watching. The sap wood distance from the surface was 160mm in the south side and 130mm in 
the north side. The total diameter of the trunk of tree was 380mm, and then the sap wood area was 6.7×104 mm2. 
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Fig. 2 Outline of sap flow velocity measurement            Fig. 3 Daily change of sap flow velocity 

in each measurement point 
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3. EVALUATION OF TRANSPIRATION RATE OF A SIGLE TREE 
 
It aims to presume the transpiration rate of a single tree by a simple method in consideration of the pore 
conductance of leaf. In the explaining variable of the leaf model given by Jarvis (1976), there is spatially a 
difference in the amount of solar photon. In order to consider the difference, assumption is put considering not to 
part from the real form of a tree as much as possible. The form of a tree is assumed to be a ball, and the leaf is 
thoroughly distributed in the layer of a certain thickness toward from the surface of the outside to the center called 
tree canopy. Figure 4 shows the outline of the model. The light that passes in the leaf layer attenuates like Eq. (3). 
 

Q = Q0exp(-kFx)                                               (3) 
 
where Q means the amount of photon in the tree canopy at the distance x from the top of the canopy. Q0 means 
the amount of photon at the top of the tree canopy. k means the extinction coefficient per unit leaf index area and 
unit length. F means the leaf area index obtained by dividing total area of the leaves in the canopy by the project 
area. The leaf size is not considered. k was obtained with the photon meter, and F was obtained by reaping a part 
of canopy. Q0 is divided into the direct component and the diffuse component. The direct component is assumed 
to pour down over the upper half of ball toward the azimuth of the sun. The diffuse component is provided 
according to the configuration factor to the sky. 
 
The transpiration rate of the object tree was predicted from the measurement data on October 16. The input 
meteorological data is the horizontal solar irradiation Sr, the air temperature Ta, and the relative humidity Rh. 
Figure 5 shows the daily variation of the estimated latent heat flux obtained from the numerical simulation by 
using the tree model in consideration of the transpiration rate of a single leaf. As a result of the calculation, a 
camphor tree has consumed about 30-40 percent of horizontal solar irradiation Sr as latent heat transfer. The 
latent heat flux from the entire tree converted from the sap flow data is also shown in Fig. 5. The latent heat fluxes 
estimated by the tree model and obtained from the sap flow velocity are roughly corresponding for the order. The 
validity of the tree model was verified from this result. However, the time lag is seen in the latent heat fluxes 
obtained from the tree model and the sap flow velocity. There is a possibility that the delay of 1-2 hours exists in 
the sap flow in the trunk of tree and the transpiration activity as pointed out by Iida (2003). 
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       Fig. 4 Outline of tree model                            Fig. 5 Daily variation of solar irradiation and 

                                                                                                       latent heat flux from a tree 
 
4. EVAPORATION RATE OF WATER-RETENTIVE CERAMIC MATERIAL 
 
Two kinds of ceramic A and B made from a different recycling material were used in the measurement. A size of 
ceramic A is 200×100×60mm, and the dry weight is about 2kg. A size of ceramic B is 300×300×30mm, and the 
dry weight is about 3.3kg. Both colors on the surface are ivory. Each maximum moisture content is about 280g in 
ceramic A, and about 600g in ceramic B. The ceramic A and B are made from the recycling material for 80-90% 
of the raw material, and are products that consider the environment. 
 
The measurements were performed on 8/24, 8/25, 9/6, 9/8,10/25 and 10/28 on the rooftop of a builiding at Osaka 
Prefecture University. After ceramic A and B as the sample were soaked into water for five minutes, they were put 
on the trestle horizontally, and were arranged without the space within about 1m around respectively. Because 
they were put on the trestle, the evaporation had happened on the back of the samples, too. The measurement 
items were the amount of evaporation, the surface temperature of the samples and the surrounding dry rooftop, 
and the weather elements such as solar irradiation. The amount of evaporation was obtained by measuring the 
weight change with the scale in every one hour. The evaporation from the side on an edge part was also 
recognized and the amount of evaporation increased compared with a central part. Therefore, the following 
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discussion was done by using the mean value in a central part. The large difference of performance related to the 
material and the shape was not confirmed though the measurement was carried out by using two kinds of water 
retentivity ceramic materials. 
 
Table 1 shows the correlation coefficients between the evaporation rate of ceramic A and B and each weather 
factor. Air temperature, horizontal solar irradiation, water vapor deficit, moisture content ratio, wind speed and 
relative humidity are expressed by Ta, S, D, ω, v, f, respectively. The correlation was high with the water vapor 
deficit, and the correlation was admitted for the moisture content, the air temperature and the solar irradiation. 
The moisture content ratio was defined by the ratio of the current moisture content to the maximum moisture 
content of a ceramic material. Though it was thought that there was a correlation about relative humidity and the 
wind speed, the changes were small, and the correlation was not able to be obtained for this measurement. 
 

Table 1 Correlation coefficient between evaporation rate and weather factors 
Ceramic Ta S D ω ｖ f 

A 0.59 0.23 0.60 0.42 0.42 0.30 
B 0.31 0.59 0.68 0.67 0.14 -0.08 

 
The amount of evaporation was converted into the amount of the latent heat transfer. Figure 6 shows the 
measured results of the horizontal solar irradiation and the latent heat flux from ceramic. The average values for 
30 minutes are shown as the measurement period. A horizontal axis indicates the measurement date. a, b, c, and 
d are 8/25, 9/6, 10/25, and 10/28, respectively. The beginning time of measurement is 13:40, 13:30, 14:30.10:30, 
respectively and the number corresponds to each measurement time. The solar absorptance of ceramic A was 
about 80%. The latent heat flux from a water retentivity ceramic material reached a considerably large value for 
the solar irradiation. Not only the weather factors such as the air temperature and humidity but also the surface 
temperatures of the wet ceramic were measured. The surface temperature of the ceramic had decreased greatly 
compared with that of the dry rooftop side. The decrease in the surface temperature means a decrease in the 
amount of the sensible heat transfer to the atmosphere, and will contribute to the heat island measures. Figure 7 
shows the amount of decrease in the sensible heat flux ∆Qs. The amount of the sensible heat transfer decreases 
further if the amount from the back is unified because ceramics are put on the trestle. 
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                Fig.6 Comparison between solar radiation                  Fig.7 Decrease in sensible heat flux compared  
                         and latent heat flux                                                      front surface of ceramic with roof surface 
 
5. CONCLUSIONS 
 
The following results were obtained. (1) The transpiration rate of a single leaf is predictable from the 
meteorological elements by the use of Jarvis model. (2) It has been understood to consume about 30-40 percent 
of the solar horizontal irradiation as the latent heat transfer according to the proposed tree model in consideration 
of transpiration characteristics of a single leaf. (3) When the sap flow velocity of camphor tree was measured and 
the result was evaluated by use of the tree model, the latent heat transfer agreed roughly, and the validity of the 
tree model was shown. (4) A useful increase in the amount of the latent heat transfer for the heat island measures 
and the control of the amount of the sensible heat transfer can be expected from the outdoor measurement that 
uses a water-retentive ceramic material.  
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THERMAL SENSATION IN DIFFERENT METEOROLOGICAL SITUATIONS  
IN TOWN CENTRE AND SUBURBS OF ZAGREB 
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Abstract 
 
The thermal sensation in different weather situations can considerably differ between city centre and suburban 
areas. The article deals with the analysis of thermal environment in different weather situations in Zagreb, Croatia 
in the city centre and two suburban meteorological stations. The selected weather situations are: clear and windy 
cold winter conditions and hot sunny summer calm and windy conditions. The conditions show that there are 
differences in the diurnal and seasonal course of the year in thermal sensation in the city area of Zagreb.  
 
Key words: Bioclimate, Physiologically Equivalent Temperature, Zagreb 
 
 
1. INTRODUCTION  
 
The thermal sensation in different weather situations can considerably differ between city centre and suburban 
areas. The article deals with the analysis of thermal environment in different weather situations in Zagreb, in the 
city centre, two suburban meteorological stations and the meteorological station at the top of Mount Medvednica 
near Zagreb. Zagreb is the capital of Croatia, lying between the Adriatic coast and Central Europe and situated at 
the slopes of Medvednica Mountain (top 1035 m) and along the banks of the Sava river. It is located at the 
surface of 650 sq km and has about 800.000 inhabitants.  
Four meteorological stations in Zagreb and near it are taken to illustrate the differences between human thermal 
sensation in various environment. The meteorological station Gric is situated in the city centre on the hill about 20 
m above the downtown. The station Maksimir is in the eastern suburb of Zagreb, 4 km from Gric in the relatively 
open area exposed to the direct northern breeze from Medvednica Mountain. The meteorological station Pleso is 
at the Zagreb-airport, 11 km south-eastern from city centre at the plain open to winds from all directions. 
Puntijarka is located in forest near the top of Mount Medvednica (988 m), 11 km north from city centre and it is a 
hiking and skiing resort for citizens of Zagreb (Fig. 1 and Table 1). 
 

 
 

Table 1: Coordinates of stations 
 
Name Location Latitude Longitude Elev. (m) 
Gric City centre 45°49´ 15°59´ 157 
Maksimir Suburb 45°49´ 16°02´ 123 
Puntijarka Mountain/near 

Forest 
45°55´ 15°58´ 988 

Pleso Airport 45°44´ 16°04´ 106  

Figure 1: Area of Zagreb and location of stations  
 
 
2. DATA AND METHOD 
 
Human biometeorological indices based on energy balance models of the human body represent the thermal 
environment in thermo-physiologically significant way (Matzarakis et al., 1996, VDI, 1998, Matzarakis et al., 
1999). The differences between thermal environment in city centre and suburban areas of Zagreb are analyzed 
by means of the daily courses of physiologically equivalent temperature (PET) and meteorological parameters, 
which are relevant in the formation and intensity of the urban heat island.  
The differences between the biometeorological conditions in the city centre and its suburban areas are analyzed 
for hot and cold calm and windy conditions. August 2003 is chosen as the representative of hot conditions, well 
known by a lot of mortality caused by heat wave over Europe (Rudel et al, 2005). The representative for cold 
conditions is January 2003.  
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3. RESULTS 
 
During the last 20 years of the 20th century the mean annual temperature between the city centre and the 
mentioned suburbs differed for 1.1 to 1.3°C, while the station on Mount Medvednica is for 5.3°C cooler  than the 
city centre. 
The mean annual values of the thermal index physiologically equivalent temperature (PET) were between 12.4°C 
at Gric in the city centre and 2.4°C at resort Punti jarka. Only on Gric the physiologically equivalent temperature 
(PET) is higher than the air temperature (Ta) implying that in city centre the radiation intensifies the urban heat 
island, while on other stations cooling effect of wind prevails. The biometeorological conditions in August on 
average vary between 14.4°C on mountainous station Puntijarka and 27.1°C at Gric in the city centre. Co mparing 
PET and Ta in August, the situation differs from the annual one, because only on Medvednica Ta is higher than 
PET, while at all stations in Zagreb the PET is higher than Ta, with the greatest differences at urban Gric (5.3°C) 
and smallest at suburban Maksimir (3.9°C). In Janua ry PET fluctuates between -8.8°C at Puntijarka and -1 .7°C at 
Gric. At all stations the air temperature is higher than PET, maximum at Puntijarka (6.7°C) and minimum at  Gric 
(3.2°C).  
 
3.1. August 2003 
 
August 2003 have been selected in order to quantify the thermal sensation in the vicinity of Zagreb during a hot 
summer month. Figure 2 to 5 show the diurnal courses of PET (left) and PET-Ta (right) for the four studied 
stations. 
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Figure 2: Diurnal courses of PET (left) and PET-Ta (right) for Gric, August 2003. 
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Figure 3: Diurnal courses of PET (left) and PET-Ta (right) for Maksimir, August 2003. 
 
The highest PET conditions occurred at Maksimir (suburban) followed by Gric (urban) with similar maximum 
values. During the day the PET values exceeding 35°C  were more frequent in the suburban area than in the city 
area mainly due to earlier onset of daily heat. It is supposed that the reason for this is the location of the 
meteorological shelter at Gric at the window on the first flour of Meteorological Institute (from 1861), shaded from 
the morning sun. On the opposite, the meteorological shelter at Maksimir is in the standard meteorological 
observing site open to all directions. The conditions at Pleso (airport) are little lower because of the lower air 
temperatures and higher wind speed. The PET conditions at Puntijarka (mountain) are lower than at other 
stations. The differences which are more than 10°C PET show that heat stress don’t occur frequent at the 
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mountain site. Therefore it can offer more convenient thermal conditions to the tourists and hikers comparing to 
those in city during summer heat waves. 
During the night, the city centre is warmer than suburban areas. Specially during August 2003 inhabitants of 
Zagreb centre frequently couldn’t relax from heat even during the nights.  
Hours exceeding the thresholds of 20°C, 23°C and 25 °C PET during night (from 22 to 6) in August 2003 wer e 
more frequently in city centre than in suburban areas. For example, PET exceeded 20°C during 6 or more h ours 
appeared11 times at Gric in the city centre, only twice at suburb Maksimir, while never at suburb Pleso and resort 
Puntijarka.  
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Figure 4:        Diurnal courses of PET (left) and PET-Ta (right) for Pleso, August 2003. 
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Figure 5: Diurnal courses of PET (left) and PET-Ta (right) for Puntijarka, August 2003. 
 
The differences PET-Ta in August 2003 were mostly positive during daytime and negative during night, from 19 till 
5 or 6 in the morning. That points at the prevailing influence of radiation conditions during day, and cooling effect 
of wind during night. The positive differences are greatest between 8 and 14 or 15, when the sun radiation is the 
most intensive. At airport station Pleso the positive differences between PET and Ta are smaller than at other 
locations because of higher wind speeds.  
During hot weather, when air temperature is as high as human body temperature, it has no more cooling effect. It 
can be seen from the situation on August 18, 2003 when wind speeds between 3 p.m. and 6 p.m. were higher 
comparing to other days. 

 
3.2. January 2003 
 
The urban heat island in cold conditions is more pronounced than during the warm ones. In January 2003 the 
mean thermal sensation varied between -2.5°C at urb an station Gric, in suburbs between -4.7°C at Maksi mir and 
-6.7°C at Pleso while -9.2°C PET at Puntijarka on Mount ain Medvednica. The thermal sensation at Puntijarka 
practically didn’t exceed the threshold of 4°C PET (v ery cold) in the whole month, at Maksimir and Pleso it 
happened several times mainly between 10 a.m. and 4 p.m., while at Gric that occurred more often, once it was 
even comfortable at 2 p.m. 
The cooling effect of wind is also in winter more pronounced than in warm conditions. Therefore PET values are 
mostly lower than Ta, and sometimes in the warmest part of the day Ta exceeded PET. At resort Puntijarka 
during the entire January 2003 only twice the differences between PET and Ta were positive, several times at  
airport Pleso, more often at suburb Maksimir and relatively often at urban station Gric between 10 a.m. and 2 p.m. 
The urban heat island is therefore more pronounced in human thermal perception than in air temperature. 
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Figure 6. Diurnal course of PET for January 2003 in Zagreb. 
 
 
Conclusions 
 
The analysis of the thermal sensation conditions based on PET in Zagreb show that worse conditions during heat 
waves are in the urban and suburban areas during all the day. Less thermal stress conditions can be found only 
outside of the city or in higher elevated locations. There is a positive effect of the urban heat island on thermal 
sensation during winter and the PET values are most of the time lower than Ta. 
Concerning thermal sensation of humans it is not sufficient to analyze the conditions based only on air 
temperature. The shown differences between PET and Ta show that thermal sensation can be improved by urban 
planning measures. 
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