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ABSTRACT 

Thermal behavior of urban canyons has been 

extensively discussed in literature for the past decades. 

Existing methods focus on heavy, complex models for 

small areas or on simplified, parametric models, 

especially those that simulate night cooling and its 

relation to nocturnal heat islands. However, in urban 

planning, it is often important to analyze the thermal 

environment within the urban canopy layer in large, 

heterogeneous areas, during a 24 hour-cycle. This paper 

presents a method for simulating urban areas in CFD 

software and for using the results in a finite difference 

model for calculating air and surface temperatures. This 

may be used to asses a single urban canyon or several 

building groups, by using GIS mapping, which allows 

for the simulation of larger, complex areas. This is 

particularly important in cities of developing countries, 

where urban structure is highly heterogeneous and 

thermal environment tends to be greatly affected by 

climate change. The model has potential to contribute 

to the diagnosis of urban areas and to the overall city 

planning process. 

INTRODUCTION 

The impact of human activities in atmospheric behavior 

is a constant topic in the media and in worldwide 

political agendas. It seems to be consensual that human 

behavior affects climate in all scales and that this 

effects should be reversed. This paper considers this 

matter from the urban planner’s point of view, hoping 

to support decisions of spatial interventions that will 

increase environmental quality for urban citizens. 

In order to do so, spatial interventions are divided in 

three scales, roughly based in Oke (2004): 

• Punctual: small interventions (from 10
1
 to 10

3 

meters) where elements are roughly as large as 

the users (10
0
 to 10

1
 meters). Impacts are 

limited to immediate surroundings and users 

can determine the effects of each object 

individually. This situation defines exposure 

conditions to meteorological conditions and 

determines the user’s comfort. However, users 

may adapt through small displacements or by 

modifying their environment. This scale 

relates to the design of public spaces or 

buildings.  

• Micro-scale: intermediate sized interventions 

(from 10
2
 to 10

4 
meters) where elements are 

roughly as large as buildings (10
1
 to 10

2
 

meters). Impacts extend to the surrounding of 

buildings and the user can no longer determine 

the effect of each element. They affect average 

conditions in urban canyons and determine 

boundary conditions for punctual 

interventions. They are indirectly responsible 

for pedestrian comfort and building 

performance and adaptation requires larger 

displacements, thus becoming more difficult.  

• Local: urban interventions (from 10
3
 to 10

5 

meters) with elements are roughly as large as 

blocks (10
2
 meters) or districts (10

3
 meters). 

They impact the Urban Boundary Layer 

(UBL) and urban surface may be treated as 

horizontal plates with averaged thermal 

properties and roughness. Influence in the 

pedestrian level is not clearly perceptible, 

since it occurs through complex Urban Canopy 

Layer (UCL) and UBL interactions. 

Alterations of this size may invalidate 

planning for smaller scales, for they alter 

boundary conditions. 

A group of small interventions may produce larger 

scale effects and large interventions may alter the 

boundary conditions – and therefore the final 

environment –in the pedestrian level. 

This paper presents methods for assessing the impact of 

micro-scale urban interventions in the thermal 

environment of the city, using an energy balance model 

and geoprocessing geometrical data from urban 

canyons. 
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THE MODEL 

A model for calculating canyon temperatures in a 24-

hour cycle was developed using spreadsheets. Only 

sensible exchanges are considered, since the goal was 

to study the impact of building forms in climate. The 

canyon is defined from three variables: height (Hc), 

width (Lc) and azimuth (Azc). Buildings in both sides 

have the same height and azimuth may vary from 1° to 

179°. The E building always faces east and the W 

building always faces west. 

Canyon surfaces were divided in nine parts, numbered 

counter-clockwise according to Figure 1.  

 

 

Figure 1 Model parts 

 

Building parts are always the same size and so are 

ground parts – one third of the canyon height and one 

third of the canyon width respectively. 

Radiation 

The user informs a simulation date and location so that 

solar angles can be calculated (IES 1998). The 

shadowing of vertical and horizontal surfaces is 

determined from variables shown in Figure 2.  

 

 

Figure 2 Variables for shadow length calculations 

 

Therefore the shadow length (Lsd) is: 

 

(eq. 1) 

If the shadow length is larger than the canyon length, 

the shadow will project on the opposite wall, resulting 

in: 

 

(eq. 2) 

The cosine of the solar incidence angle is calculated as 

a multiplier of the horizontal solar radiation. Incidence 

below zero is treated as zero. 

The shadow line calculated from equations 1 and 2 

divides either the floor or the buildings in two areas, 

according to Figure 3.  

 

(a) 

(b) 

Figure 3 Canyon shading calculations 

 

 The length of each area determines the shaded area of 

each part and defines their shortwave radiative 

boundary condition. For instance, in Figure 3a, parts 1 

to 3 are completely exposed, parts 5 to 9 are protected 

from direct solar radiation and part 4 is roughly 80% 

shaded. In Figure 3B, parts 1 and 2 are exposed, parts 4 

to 9 are shaded and part 3 is roughly 60% shaded. 

Form factors among the parts and between each part 

and the sky are also determined (Incropera, DeWitt 

2003). From that, the spreadsheet calculates reflected 

shortwave radiation (up to three reflections) and long 

wave radiation exchanges. Sky temperature is 

determined according to Duffie and Beckman (1980) 

and Givoni (1994). Absorbed radiation accounts for the 

albedo of canyon faces. 

Convection 

Convective heat exchanges between the canyon and the 

UBL are determined according to Mills (1997): 

 (eq. 3) 

The drag coefficient CH is calculated from Equation 4. 
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(eq. 4) 

Exchanges between the canyon and its surfaces are 

determined by the convective heat transfer coefficient, 

given by: 

 (eq. 5) 

Wind speed was determined from ANSYS CFX 5.7 

simulations, following COST recommendations (COST 

2003). A neutral wind profile was provided as input. 

Turbulence was calculated from a k-e model and no 

buoyancy effect was considered. 

 

 

Figure 4 CFD Model for wind analysis 

 

Mesh was generated with a minimum of three elements 

in gap, plus three prism layers, resulting in around five 

million elements. There was no computational resource 

for a larger mesh. 

Simulations were carried out for the eight cardinal 

directions. From those results, a relationship between 

reference speed (at 10 meters) and canyon speed (at 1.5 

meters) was established. 

 

 

Figure 5 Example results for SE winds (prevailing) 

Improvements in simulation parameters could lead to 

better results in the spreadsheet model. 

Conduction and storage 

Heat exchanges through building walls and through the 

ground were determined using a transient explicit finite 

differences model (Incropera, DeWitt 2003). External 

boundary conditions are based on the radiative and 

convective heat exchanges.  

The ground has six nodes and can have up to two 

layers. The third node is in the transition of the 

materials. General scheme, with thickness, is shown in 

Figure 6. Nodes vary from surface temperature (T0) to 

soil constant temperature (Ts).  

 

 

Figure 6 Finite difference ground model 

 

Buildings are modeled in three parts: the external wall, 

with two boundary nodes and two internal nodes of 

homogeneous material; the internal environment, with 

one single node, and a solid core, with one boundary 

node and three internal nodes. The third internal core 

node is connected considered to be adiabatic in canyon 

models but could be connected to all walls if buildings 

were assessed in details. The thickness of the internal 

wall determines the overall heat capacity of the 

building. General scheme is shown in Figure 7. 

 

 

Figure 7 Finite difference ground model 
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Building calculations also account for glazing, based on 

the window wall ratio – WWR. 

Most of internal node temperatures (T1, T2, T4 and T5 on 

the ground and T1, T2, Ti01 and Ti02 in buildings) are 

determined according to equation 6  

 (eq. 6) 

Where the Fourier number (Fo) is determined by: 

 

(eq. 7) 

External surfaces are exposed to convection and 

radiation. Their temperatures (T0 in both cases) are 

determined from: 

 

          

(eq. 8) 

Where the Biôt number (Bi) is determined by: 

 
(eq. 9) 

The interface between two different materials (T3 in  

the ground model) are determined by Equation 10, 

where the subscript A and B differentiates each 

material. 

 

   

 

(eq. 10) 

Internal surfaces (T3 and Ti01 in the building model) are 

calculated accounting for internal convection and 

radiation exchanges. A variation of the Biôt number 

considering the radiative heat transfer coefficient is 

used (BiR). Internal heat transfer convection coefficient 

and radiation coefficient are 8 W/m  and 5,9 W/m  

respectively. 

 (eq. 11) 

Internal temperature is calculated from an energy 

balance that includes solar gains from glazing and 

natural ventilation. 

  

(eq. 12) 

Internal surfaces (T3 and Ti01 in the building model) are 

calculated considering internal convection and radiation 

exchanges. A variation of the Biôt number calculated 

from the radiative heat transfer coefficient is used 

(BiR). 

Canyon energy balance 

Solar incidence in each part is determined. For instance, 

in a situation such as that of Figure3b, the length of i 

and h will determine exposition for part 3. If i is greater 

than one third of the canyon height, then part 3 is totally 

shaded. If it is below zero, then part 3 is totally 

exposed. Othewise, part 3 exposition is given by: 

 
(eq. 13) 

 (eq. 14) 

An external surface temperature is determined for 

exposed (Th0) and shaded (Ti0) conditions. The equation 

of the second node then becomes: 

 

(eq. 15) 

Canyon energy balance is given by equation 19: 

 

(eq. 16) 

Timesteps and layer thickness are determined so that 

stability is assured. In order to do so, multipliers of the 

node’s previous temperature must not be negative. 

Since timesteps for the canyon energy balance are more 

restrictive, they are one quarter of the time step for 

calculating surface temperatures. 

Results 

The spreadsheet can calculate canyon temperatures for 

up to 1440 timesteps. Therefore, for a timestep of 1 

minute, canyon temperatures for one day are calculated; 

for a time step of 5 minutes, temperatures for five days 

are calculated, and so on. 

Besides hourly temperatures, the spreadsheet also 

presents for the calculated period: 

• The maximum canyon temperature  

• The average canyon temperature 

• Maximum temperature range 
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• The maximum difference between reference 

temperatures and canyon temperatures 

TESTING OF THE MODEL 

Testing was carried out using measurements from São 

Paulo, Brazil for February 4
th

, 2007 and Semptember 

5
th

, 2007. São Paulo is located on the Capricorn tropic 

(latitude 23° 37’ S; longitude 46°39’ W). In the 

Koppen-Geiger classification, the city figures as Cwa – 

mesothermal climate with rainy and hot summer 

(Oliveira Filho 2004). The study area is a densely built 

district (Moema) with 60.000 inhabitants. Most of the 

area is occupied by high rise residential buildings, with 

single family housing either being demolished or 

substituted by commercial activities. 

 

 

Figure 8 Bird eye view of the study area 

 

Measurements were taken in a canyon 46-meter wide 

(street and setbacks) and 48-meter high. Averaged 

albedo was estimated at 0.6. Measurement site is shown 

in Figure 9.  

 

 

Figure 9 Fish eye picture of the measurement site 

Reference temperatures were taken from Congonhas 

Airport meteorological station, located less than 1 km 

away from the measurement site. Results are shown in 

Figure 10 and 11. 

 

 

Figure 10 Results for February – reference, calculated 

canyon and measurement temperatures 

 

 

Figure 11 Results for September – reference, calculated 

canyon and measurement temperatures 

 

Calculations for the morning heating period were 

adequate. Divergence was found in the maximum 

values, which increase 3°C above estimated 

temperature. This divergence begins when direct solar 

radiation reaches the measurement site. Hypothesis for 

this are: 

• Temperature sensors were not properly 

shielded from solar radiation. Even though 

improvement was made from the first 

measurement to the second, it may not be 

enough to prevent distortions completely. 

• The model considers a continuous canyon, 

instead of the real fragmented one. Therefore, 

the model may consider shading in periods 

were there actually is solar incidence. Fish eye 

photos of measuments show that this happened 
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exactly at the times where measurements 

diverge. 

• Thermal inertia may be overestimated, which 

flattens the temperature curve. This may also 

happen due to underestimating of convective 

heat transfer coefficient. 

Further validation by comparing with field 

measurements is desirable, but given the complexity of 

the urban environment and the output of other 

simulation models, results were considered to be 

acceptable. Envimet (Bruse 2004) simulations for the 

same area differ from measurements by 5°C. The 

spreadsheet maximum difference was 2.5°C in 

February and 1.5°C in September. The model may be 

particularly useful in evaluating several different 

conditions and averaging the results for larger areas 

(e.g. an urban block). 

COUPLING WITH CFD AND GIS 

On further developments, a macro was added to the 

spreadsheet in order to obtain data from GIS maps 

(MapInfo was the software used in this research). 

Figure 12 shows the results for number of floors in the 

study area. 

 

 

Figure 12 GIS thematic map with number of floors 

 

The area comprises about 60 blocks with a surface of 

1.3 km long and 1.0 km wide. The street grid is tilted 

from the N-S axis by approximately 40°. 

In order to obtain canyon data, auxiliary maps were 

created. In the first additional map, building boundaries 

were converted in independent lines for each façade. 

The façades were offset to the inside of the polygon by 

0.5 meters, so that they would always be inside the 

parent building. Building height values were transferred 

from the building map to the façade map. 

A second set of maps contained auxiliary grids, spaced 

2.5 meters, one for each direction (N-S, E-W, NE-SW, 

NW-SE). The grids were cropped by buildings and 

exploded so that each line would be limited by the 

façade of two buildings, which is precisely the 

configuration of urban canyons. 

 

 

Figure 13 Auxiliary grid 

 

A buffer zone of 5 meters was created around lines of 

grid. In order to reduce information density, a 10 meter 

grid was used to create the buffer. Average length of 

intercepting grid lines and average heights of 

intercepting façades were transferred for the buffer 

zone maps (Figure 14). 

 

 

Figure 14 Example buffer zone map for the NE-SW grid 

 

The third set of maps contained results from each CFD 

simulation, mapped by using mesh coordinates to 

georeference wind speed factors. The wind speed factor 

is the ratio between the wind speed in the mesh point 

and the reference wind speed at ten meters and is given 

for each orientation separately. 
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The results were for a horizontal plane, placed at height 

of 1.5 meters (Figure 15). Average values of wind 

speed, for mesh points located inside each buffer zone 

were transferred to the buffer zone maps. 

 

 

Figure 15 Wind simulation results map for SE winds 

 

Therefore, each buffer zone accounted for 10 data 

values: width, height and a wind factor for each 

orientation. The azimuth of the buffer zone was 

determined by the direction of the originating grid. 

Once the calculations were done in the spreadsheet 

software, they were transferred back to the GIS 

software, using the ID number for each buffer zone to 

rematch results. 

Values were averaged by block. Figure 16 shows the 

differences in average reference temperatures and 

average canyon temperatures.  

 

 

Figure 17 Differences in average temperature 

One can note, by comparing Figure 16 to Figure 12, 

that lower average temperatures were found in the more 

horizontal areas of the district. However, when 

analyzing the results for the differences between the 

maximum canyon temperature and maximum reference 

temperature (Figure 17), the situation is reversed. 

 

 

Figure 17 Differences in maximum temperature 

 

The map shows that more densely built areas presented 

lower maximum temperatures. This is due to decreased 

solar incidence in the canyons, which compensates for 

the lower wind speeds. This also indicates the 

occurrence of nocturnal heat island, caused by trapping 

of heat due to reduction of radiative heat exchanges 

with the sky. However, if one is considering thermal 

stress to be the main parameter in urban design for 

climates like São Paulo, the nocturnal heat island 

should not be the main concern. Benefits from lower 

temperatures during the day should overcome negative 

effects of night heating. 

CONCLUSION 

This paper presented a method for combining numerical 

analysis, CFD simulations and GIS mapping in the 

assessment of the thermal environment of urban 

districts. This method uses fairly simple calculation and 

tools, if compared to other meteorological analysis 

models and refers to a scale that is most useful to urban 

planners. 

Calculations are mostly carried out in the spreadsheet, 

which can process relatively large sets of data from GIS 

models. Coupling with CFD should be straightforward 

to those used to fluid simulation in urban areas. 

This paper focused on the relation of the form and 

distribution of buildings to the climate. Since buildings 
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present relatively little evaporation and condensation, 

only sensible heat exchanges were considered. For 

areas with extensive vegetation or near bodies of water, 

latent heat should be included in the model.  

Future research should focus on the application of the 

method in other areas and comparison with 

measurements, for further validation. It should also 

explore the model in order to determine the 

relationships between the planning parameters, such as 

plot ratio and built density, and climatic variables. 
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NOMENCLATURE 

Latin 

Az  azimuth of the canyon from North (°) 

Bi Biôt number (-) 

CH drag coefficient (-) 

cp(ar) air specific heat (J/kg) 

Fo Fourier number (-) 

FS glass shading factor (-) 

hc convective heat transfer coefficient (W/m  °C) 

Hc height of the canyon (m) 

hci internal convective heat coefficient (W/m  °C) 

Hsd shadow height (m) 

k thermal conductivity of the material (W/ m °C) 

k Von Karman constant (-) 

Lc width of the canyon (m) 

Lint room lengh (m) 

Lsd shadow length (m) 

q absorbed long wave and shortwave radiation 

QHc heat exchange from canyon to UBL (W) 

t time step (s) 

T 
(p)

 temperature at the previous moment (°C) 

T 
(p+1)

 temperature at the calculated moment (°C) 

T(m) temperature of the node m (°C) 

Tc canyon air temperature (°C) 

Tr reference air temperature (°C) 

u mean wind speed (m/s) 

uref reference wind speed (m/s) 

Uv glass global heat transfer coefficient (W/m  

°C) 

x layer thickness (m) 

WWR wall window ratio (-) 

z0 roughness (m) 

zd zero plane displacement (m) 

zr height for the reference air temperature (m) 

Greek 

s  solar azimuth (°) 

s façade azimuth (°) 

s solar height (°) 

(ar) air density (kg/m ) 

 thermal diffusivity of the material (m /s) 
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