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II. SUMMARY  
The air and surface temperatures in urban areas are higher than in their surrounding rural areas which is a 

phenomenon termed as the Urban Heat Island (UHI) effect. The UHI effect is caused because more heat is 

accumulated and generated inside the urban areas than in the surrounding areas. The increased temperatures 

might increase human morbidity and mortality and building energy demand (Döpp et al, 2011; Akbari, 2005).  

The UHI can cause more hot days and heat waves in the urban area compared to the surrounding area (Tan, 

2010). During heat waves, the mortality rate is increased (Haines et al, 2006; Tan 2010). 

In this study, a computational analysis of two adaptation measures of the UHI effect are performed and 

compared with the original situation. For this analysis, Computational Fluid Dynamics (CFD) is used to 

investigate the wind flow and temperatures for an area around the Koninklijk Lyceum of Antwerp, Belgium.  

Before adding adaptation measures, first the air temperatures were simulated to validate using measurement 

data from Flemish Institute for Technological Research, VITO, at the measurement point on the roof of the 

Koninklijk Lyceum. After the current situation was simulated, the adaptation measures were implemented. 

First, vegetation is added in the Stadspark near the Koninklijk Lyceum to see the effect of trees on temperature 

in the city. Secondly, the absorption values of the roofs were lowered to 0.25, as if they were painted white, 

also called “cool roofs”. With the help of CFD, the effects of the investigated adaptation measures were 

quantified on a neighbourhood scale.  

The results show that vegetation zones have an impact on the air temperature and wind flow of the area 

investigated, but the impact is limited to the vegetation zone. The air temperatures inside the park area can be 

decreased by 2.0°C measured at 1.5 m height on a calm sunny day. At night, the temperatures in the case with 

vegetation are reduced less quickly compared to the case without vegetation, probably due to the reduced 

wind speed and a change in the wind flow. The average UHI calculated over two days (and nights) was -0.1°C 

compared to the simulation without vegetation. 

“Cool roofs” decrease the roof temperatures by 6.0°C to 8.0°C at daytime. At night time the difference in roof 

temperature is negligible. The temperature reduction of “cool roofs” does not have a severe influence on the 

wind flow. Compared to the simulation without vegetation, the “cool roofs” reduce the temperature on 

average by 0.1°C at 1.5 m height.  
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1. INTRODUCTION 

1.1. URBANIZATION AND THE URBAN HEAT ISLAND EFFECT 

1.1.1. URBANIZATION 
The number of people living in cities has increased from 20% to 49% from 1950 to 2005 (UN, 2011). According 

to the World Urbanization Prospects of the United Nations (UN, 2011) the number of people living in cities is 

expected to increase to approximately 67% in 2050 worldwide and possibly to 82% in Europe. Urban areas 

experience a substantially different meteorology than their surrounding rural areas, as the air and surface 

temperatures in cities are normally higher than the surrounding rural areas (Oke, 1973). This phenomenon is 

termed as the Urban Heat Island (UHI) effect. The UHI can cause more hot days and heat waves in urban areas 

compared to the surrounding rural areas (Tan 2010).  A higher frequency of heat waves was present during the 

last decade, and higher frequency and severity in the future is predicted (IPCC, 2013).  A schematic of UHI can 

be seen in figureFigure 1. 

 
FIGURE 1: THE RED LINE REPRESENTS THE TEMPERATURE. THE TEMPERATURE IS HIGHER IN DOWNTOWN AREAS COMPARED 

TO THE RURAL SURROUNDINGS, BUT ALSO RIVERS AND PARKS CAN DECREASE THE TEMPERATURES SLIGHTLY. (IMAGE 

BASED ON: HTTP://HEATISLAND.LBL.GOV/SITES/ALL/FILES/IMAGECACHE/FRONT_SLIDESHOW/HEATISLAND-MAIN_0.JPG)  

 

1.1.2. URBAN HEAT ISLAND 
The first official observation of the UHI was reported by Luke Howard in London in 1833 (Howard, 1833). 

Howard was a pioneer in urban climate studies and has made daily observations of the meteorological 

conditions such as air temperature, rain fall, atmospheric pressure and wind direction. In his observations he 

noted that in the city centre of London, temperatures were higher than in Tottenham Green, which was a rural 

region located six kilometres north of the city centre. Oke (1973) has linked the UHI to the size of the city. In 

his article published in 1973, he demonstrated the relationship between the city size and the extent of the UHI 

for the first time. He stated that the UHI was logically related to the city size. Three years later Lowry (1976) 

presented a general framework to provide a basis on discuss and research the Urban Heat Island. He 

comments on five different methods for estimating the urban effects:  

- Urban-rural differences, where “typical” urban site values are compared with a nearby rural 

environment;  

- Upwind-downwind differences, where the differences of the observations downwind and upwind 

from a city are used to describe the urban effects;  

- Urban-rural ratios;  

- Time trends; 

- Weekday-weekend differences.  

 

  

http://heatisland.lbl.gov/sites/all/files/imagecache/front_slideshow/heatisland-main_0.jpg
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According to Oke (1997) and Van Hove et al. (2011) the meteorology in the urban environment, or the city 

climate, can be divided into three scales, which can be seen in Figure 2. The micro-scale or street canyon scale 

is the smallest scale. It is related to the scales of individual buildings and trees, roads, courtyards etc. The local 

or neighbourhood scale includes the landscape features. This scale can give mean climate values of areas with 

similar types of urban development and activities. The largest scale is mesoscale or city scale. In this scaling the 

UHI can be divided into two types.  

- Urban canopy layer heat island (UCL), which includes the layer from the ground to the top of the trees 

and buildings. (Oke 1997) 

- Urban boundary layer heat island (UBL). This layer starts from the treetops and rooftops and extends 

up to 1.5 km above the surface of the earth, where the urban area does not influence the atmosphere. 

(Oke 1997) 

 

 

FIGURE 2: THE THREE URBAN METEOROLOGY SCALES; MESO SCALE, LOCAL SCALE AND MICRO SCALE (FIGURE BASED ON OKE 1997) 

 

1.1.3. CAUSES OF THE URBAN HEAT ISLAND 
The UHI is caused because more heat is generated and accumulated in urban areas than in the surrounding 

rural areas. According to Oke (1982), this is caused by multiple properties of an urban area. First, solar 

radiation is reflected multiple times between the buildings and the roads, before it is reflected into 

atmosphere.  Second, because of the building materials, the albedo is much smaller compared to rural areas. 

Also, higher buildings limit the sky view of the ground surface and limit the emission of long wave thermal 

radiation to the atmosphere. The clusters of buildings also provide obstruction to the ventilating wind flow. 

This affects the turbulence and wind speed inside the cities. Buildings materials, like concrete, asphalt and 

brick, have a higher heat capacity than, for instance, grass or cultivated land in rural areas, so materials 

accumulate more heat during day time and thus cool down slower in night time. Finally, anthropogenic heat 

sources, traffic, industry etc. results in a significant increase in heat generation.  This summarizes the seven 

possible causes of the UHI effect. A graphical interpretation can be found in Figure 3. 
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1. An increase in absorption of short wave radiation because of the multiple reflection of short wave 

radiation between the canyon surfaces, lowering the effective albedo of the area;  

2. An increase of the incoming long wave radiation due to polluted air and warmer urban atmosphere; 

3. A decrease of the long wave radiation loss due to the reduction of the sky view factor by the street 

canyon geometry; 

4. Anthropogenic heat which is released from human activities;  

5. An increase of storage of sensible heat because of the increased specific heat capacity of the building 

materials; 

6. Reduction of evapotranspiration in the city, putting more energy into sensible heat and less into 

latent heat; 

7. Reduced turbulent heat transfer because of the wind reduction caused by the urban geometry.  

FIGURE 3: CAUSES OF THE URBAN HEAT ISLAND (OKE, 1982) (IMAGE BASED ON KLEEREKOPER ET AL. (2012)) 

1.2. EFFECT OF HIGH TEMPERATURES 

1.2.1. POSSIBLE CONSEQUENCES OF CLIMATE CHANGE AND HEAT WAVES 
The Netherlands and Belgium are similar on the meteorology and climate perspective. Because of the mild 

climate (Marine West Coast, Cfb, according to Köppens’ climate classification (Köppen, 1918)) and close 

location to the sea, heat stress caused by the UHI was thought to be relatively unimportant. In the Netherlands 

this changed after the heat waves of 2003 and 2006. These heat waves have caused an excess mortality 

between 1400 and 2200 (Haines et al., 2006). The main problem of investigating the UHI of Dutch cities is that 

no climate data are available for a longer time in Dutch cities. Hamdi and Van de Vyver (2010) estimated the 

scale of the UHI effect in Brussels with an observational and numerical modelling study. They showed that with 

the rapidly growing city of Brussels, the UHI has increased over the last four decades by 0.19°C per year for the 

minimum temperature and 0.06°C per year for the maximum temperature. Steeneveld et al. (2011), used 

amateur data of meteorologists to study the UHI of Rotterdam, and concluded that the UHI effect in 

Rotterdam varies between 1°C and 8°C. Klok et al. (2012) have used Landsat thermal infrared images to 

measure the daytime surface heat island (SHI) intensity of Rotterdam. They measured the magnitude of the 

SHI of Rotterdam, which can potentially result in temperature differences of 10°C. They also concluded that 

the SHI intensity could decrease by 1.3°C if the percentage of vegetation area is increased by 10%. 

According to Oke (1973), there is a relationship between the city size and the magnitude of the UHI. The 

topography of Rotterdam and the city of Antwerp are quite similar: They both have over half a million citizens, 

and roughly the same density; Antwerp has 2.752 citizens per km
2
, and Rotterdam has 2.850 per km

2
, 

according to Buurtmonitor (2014) and Rotterdamincijfers (2014). Both cities are also part of a larger 

agglomeration of cities, have a large harbour, are developing high-rise buildings and the city centres are only 

80 km apart. Therefore one could expect that Antwerp has an UHI-effect of a magnitude similar to that of 

Rotterdam. 
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1.2.2. POSSIBLE CONSEQUENCES OF THE URBAN HEAT ISLAND EFFECT 
Because of the UHI effect, the temperature in a city is higher than in the surrounding rural area. Researchers 

have found that heat stress can cause an increase in the mortality rate, which also occurred during the heat 

waves of 2003 and 2006 in Belgium and in the Netherlands (Haines et al. 2006). The heat wave of 2006 is rated 

the world’s fifth and sixth natural disaster in terms of actual deaths in 2006, shown in table 1. Heat stress can 

also influence human behaviour, for example the increase of aggression to a certain level, cause more stress 

because of problems with sleeping and have a negative effect on the work productivity (Döpp et al, 2011). 

TABLE 1: WORLD'S WORST NATURAL DISASTERS OF 2006 (HOYOIS ET AL. 2007) 

 Type of natural disaster Country Number of deaths 

1 Earthquake (Yogyakarta) Indonesia 5.778 
2 Storm (typhoon Durian) Philippines 1.399 
3 Extreme temperature (heat waves) France 1.388 
4 Mud streams  Philippines 1.126 
5 Extreme temperature (heat waves) The Netherlands 1.000 
6 Extreme temperature (heat waves) Belgium 940 
7 Storm (typhoon Billes) China 820 
8 Flood waves (tsunami) Indonesia 802 
9 Extreme temperature (frost period) Ukraine 801 
10 Flood Ethiopia 498 

 

Higher temperatures within the city centres can also increase the peak energy usage. Due to the increasing 

temperatures more energy is needed to cool offices and homes. According to Akbari (2005) the Urban Heat 

Island effect is responsible for 5-10% of the peak energy demand for cooling in urban areas.  

According to the Environmental Protection Agency (EPA, 2013a) of the Unites States hot pavements and roofs 

causes the runoff water to be warmer. This warmer water is released into ponds, rivers and other water 

objects, increasing the water temperature drastically. This sudden increase in temperature can be harmful to 

the aquatic ecosystems according to Fox (2002). With the UHI effect this problem intensifies because of the 

higher temperatures within city centres.   

1.2.3. ADAPTATION MEASURES OF THE URBAN HEAT ISLAND EFFECT 
To lower the effect of the UHI, several adaptation measures can be implemented. These measures can roughly 

be divided into five sections (Döpp et al., 2011): 

1. Urban vegetation; 

2. Urban water zones; 

3. Measures at the building scale; 

4. Urban morphological measures; 

5. Lower anthropogenic heat. 

In this study the focus is on urban vegetation and measures at building scale, therefore the other measures are 

omitted from further explanation.  
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1.2.3.1. URBAN VEGETATION 
Vegetation lowers the surrounding temperature by evapotranspiration (transpiration and evaporation). 

Evapotranspiration is not the only way vegetation lowers the temperature. Trees cause shadows on the 

building materials and on pavement which prevent them accumulate more heat. At night, because of the 

lower heat capacity compared to building materials, trees radiate less heat.  

Vegetation can be introduced into an urban area in several ways. First, more parks can be built. Spronken-

Smith and Oke (1996) studied the influence of two different parks in two different climates. They state that in 

warmer climates the effect of parks can be larger. Also, the type of park is important. Parks with a lot of trees 

have their highest cooling effect in the afternoon. Garden, multi-use type parks are most effective after sunset, 

and open grass parks have their maximum cooling effect near sunrise. These observations suggest the 

maximum cooling potential of trees is during daytime, because of shade and evapotranspiration, and because 

of the lower specific heat capacity soil is more effective during night time. Upmanis et al. (1998) found a 

maximum air temperature difference of 5.9 °C between a park and a built up area. The effect of the park on 

temperature is noticeable at a distance of 1100 meter. They also state that the temperature within the park 

decreases more rapidly than in the surrounding area. Jansson et al. (2007) investigated the influence of parks 

the other way around. They studied the influence of the surrounding area on the park, and concluded that on 

mid-day the warm air from the building blocks are noticeable 150 m into the park. The differences in air 

temperature were 0.5-0.8°C lower in the park during the day with a maximum of 2°C during sunset. Oliveira et 

al. (2011) investigated the effect of a small park in Lisbon on the UHI. Using on site measurements they found 

a maximum air temperature difference of 6.8°C. This difference was found between a shaded area in the park 

and a sunny area in the nearby street.  

Another way to include vegetation in a city is the use of street trees. Gulyás et al. (2006) investigated the 

impact of street trees in Szeged, Hungary, and concluded that disadvantageous conditions of the UHI can be 

improved by planting trees inside a city. He also stated that the results can decrease the temperature with 15-

20°C on the PET-index (Physiological Equivalent Temperature index) which is mainly caused by the difference 

in irradiation. The complex urban environments can result in very different comfort sensation within short 

distances. According to Kravčík et al. (2007), a full grown tree evaporates 400 litres of water when it is well fed 

with water. On a sunny day, this tree then has a cooling power of approximately 20-30 kW, which is about the 

same as 10 air-conditioning units. Oliveira et al. (2011) found that the presence of trees in a street did not have 

a major influence on the thermal environment. The street with trees had similar mean temperature values as 

the street without trees. However the streets were slightly warmer than the measurements in a park, which 

could be due to the irrigation of the park.  Gromke et al. (2015) investigated the cooling of vegetation in a 

street canyon in Arnhem under heat-wave conditions. They investigated three different vegetative measures: 

avenue trees, green façades and green roofing. They concluded that the largest reduction in temperature 

occurred with avenue trees. The mean air temperature in a canyon dropped with 0.43°C at pedestrian height, 

with a maximum value of 1.6°C. Green façades have a rather limited effect on the temperature reductions 

with a reduction of the mean air temperature of 0.04°C and a maximum reduction of 0.3°C. According to 

Gromke et al. (2015) green roofing has no noticeable effect on the air temperatures in the canyon. 

Green façades and green roofs help to lower the temperature in several ways. The vegetation reduces the 

temperature by evapotranspiration, the soil by evaporation and the vegetation also increases the albedo value 

preventing the absorption of short wave radiation. On top of that the green layer increases the thermal 

insulation on the building which reduces the heat transfer through the building elements. According to 

Alexandri (2006), when green façades and roofs are added to a street canyon the air temperature can be 

decreased up to 8.4°C. In dryer and hotter climates the decrease can reach up to a maximum of 11.3°C.  

However the impact of the green façades and roofs decrease with a wider street canyon. Alexandri (2006) also 

states that for street canyons, the green facades have a larger impact on the canyon but the green roofs have 

a greater mitigating impact on the urban scale. Susca et al. (2011) investigated the differences of green, white 
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and black roofs in New York. They concluded that the air temperature can be lowered with 2°C, with the use of 

green roofs. This is mainly due to vegetation and the surface albedo. On top of that the transformation from 

traditional to vegetated roofs can provide a better storm-water management, improvement of the air-quality 

and an increase in the urban biodiversity. They also found that in winter time the difference in surface 

temperature of green roofs during a day is lower than white and black roofs. While the difference on green 

roofs oscillate with 10°C during day and night, white roofs have a difference of 10-20°C and black roofs of 30°C.  

1.2.3.2. MEASURES AT BUILDING SCALE 
Construction materials, like bricks and concrete, are less permeable materials and accumulate more heat than 

natural materials. To lower the effects of the construction materials on the UHI, different aspects of the 

building materials can be countered. For example, the albedo of the surfaces can be increased, thus more 

energy is reflected away from the city.  

Because most building materials are less permeable than soil, the 

water run-off is higher in built areas compared to rural areas. The 

cooling effect of evapotranspiration, where water absorbs latent 

heat to evaporate, is therefore limited. However, vegetation can be a 

part of the building wall or roof. This is done by so-called green roofs 

and facade. This is further explained in section 1.2.3.1. 

Stone like materials often have a low albedo, ranging from 0.10 [-] to 

0.35 [-], which means that most of the short wave radiation is 

absorbed (Taha et al. 1988). By increasing the albedo-values of the 

materials, more short wave radiation is reflected and the surface 

temperature of the material is lowered. This type of surfaces is 

termed as cool roofs or cool pavements (EPA 2013, EPA 2013a). A 

study by Taha et al. (1988) with simulations considering Sacramento 

in California, shows that with an increase of the albedo by 0.25 [-] to 

0.4 [-] the ambient air temperature decreases around 1°C to 4°C. The 

increase of the albedo of the buildings from 0.09 [-] to 0.7 [-] reduces 

the annual cooling demand by 19%.  When both of these albedo 

increases are implemented, the cooling energy demand can even be 

reduced by 62%. Figure 4 shows an example of the impact of the 

change of the albedo value of a surface on the temperature. 

Another change in building material which can help to reduce the UHI-

effect is using a material that decreases heat capacity of the building. 

With a higher heat capacity the material radiates heat for a longer time (EPA, 2013). The heat capacity can be 

reduced by using hollow building blocks (EPA, 2013). This way the material will radiate heat for a shorter time.   

 

  

FIGURE 4: THE ALBEDO CAN INFLUENCE THE 

SURFACE TEMPERATURE, WITH THE WHITE STRIPE 

ON THE BRICK WALL ABOUT 3-5°C COOLER THAN 

THE SURROUNDING, DARKER AREA. (EPA 2013) 
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1.2.4. SUMMARY 
The adaptation measures lower the UHI by reducing one, or more, of the seven possible causes as described in 

chapter 1.1.3 and depicted in figure 3. Table 2 shows for the given adaptation measures from chapters 1.2.3, 

which causes it affects marked by an X. 

TABLE 2: ADAPTATION MEASURES VS. SEVEN CAUSES OF THE URBAN HEAT ISLAND 

 1. Increased 
absorption 
of short 
wave 
radiation 

2. Increase 
of the 
incoming 
long wave 
radiation 

3. 
Decrease 
of the long 
wave 
radiation 
loss 

4. Increase of 
anthropogenic 
heat 

5. Increase 
of storage 
of sensible 
heat 

6. Reduction of 
evapotranspiration 

7. Reduced 
turbulent 
transfer of 
heat 

Public parks      X  
Green 
facades/roofs 

X    X X  

Decrease of 
albedo 

X X      

Reduce thermal 
mass 

X    X   

 

1.3. RESEARCH ON URBAN HEAT ISLANDS 

There have been many studies on the UHI effect in the past. In most of the studies the UHI of a certain city or 

area is investigated using field measurements, while other studies try to predict the UHI of a city numerically.  

1.3.1. OBSERVATIONAL STUDIES 
Oke (1973) used the measurements to find a relationship between the city-size and the UHI intensity and 

validated his results by comparison with other measurements. Jauregui (1997) investigated the UHI of Mexico 

City using two measurement stations; one in a rural site and one in an urban site. He concluded that in Mexico 

City the urban heat island is more pronounced at night than at day time. With an intensity of 7.8°C the largest 

difference was found in a dry month with calm clear nights. Kłysik et al. (1999) have performed a similar study 

in the city of Łódź, Poland. By using data from two measurement stations they investigated the UHI of the city. 

However, their further investigations showed that the present measurement station was not in the hottest 

area of the city. Using measurement data obtained by five cars, they concluded that the compactness of 

buildings in Łódź influences the UHI. The UHI intensity increased with higher degree of compactness of building 

development. Giannaros and Melas (2012) conducted an observational study on the UHI of Thessaloniki, a 

coastal city in Greece. They found a maximum air temperature difference of 2-4°C between the city centre and 

the surrounding rural area. This maximum difference was observed during sunset, and was higher than the 

difference at dawn. The UHI decreases significantly when the wind speeds exceeds 4 m/s. Van Hove et al. 

(2015) have used three years of meteorological observations from a monitoring network to investigate the UHI 

of Rotterdam. They also investigated the influence of the UHI on the Physiologically Equivalent Temperature 

(PET) index, describing human comfort. Van Hove et al. (2015) concluded that although higher PET-values were 

observed in city areas compared to rural areas, the results indicate that it was mainly related to the wind 

velocity rather than the UHI-intensity.  

1.3.2. NUMERICAL STUDIES 
Saitoh et al. (1996) generated a 3D model of the Tokyo area, using a vorticity-velocity vector potential 

formulation based on the Navier-Stokes equations. They have validated their results with surface 

temperatures of a field measurement campaign. After validation, they increased the heat emission rate, to 

model the increase of anthropogenic heat and denser city centre of the future year 2031, and this resulted in a 

predicted UHI of 11.5°C in downtown Tokyo. Kikegawa et al. (2005) have made a 3D mesoscale meteorological 

model, with two sub models. With this numerical model they investigated the effects of anthropogenic heat of 

air-conditioning units and vegetative increase on façade walls on the UHI. Both measures indicated an average 
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decrease in near-ground summer air temperatures of 0.2-1.2°C. Futcher (2008) investigated the link between 

urban morphology and the UHI using a simulation to calculate the heat transfer in different street canyons 

including solar gain and shadow effects. According to Futcher (2008), overheating of a canyon due to solar 

radiation can be reduced with higher street canyons. With higher street canyons the heat of the sun never 

reaches to the canyon. However, this has some large disadvantages; it also reduces the airflow through the 

canyon, and lowers the sky view factor trapping the heat inside the canyon. Also, in wintertime this can lead to 

cooler and windier situations. To use shading in an urban area, a better alternative is to use vegetation which 

block the sun with their leaves during summertime and allows the sun to heat up the buildings during 

wintertime (Futcher, 2008). Koaru et al. (2011) used Computational Fluid Dynamics (CFD) to investigate the 

impact of short wave and long wave radiation on a part of Osaka City, Japan. To calculate the solar radiation 

with higher speed they implemented a computer graphics method into the CFD simulations. They concluded 

that the integrated CFD is a useful tool to analyse the UHI. Berkovic et al. (2012) investigated the thermal 

comfort on a smaller scale. They investigated the thermal comfort, including the effects of wind, shading and 

trees, in a courtyard in Israel and concluded that shading from galleries and trees have the highest impact on 

thermal comfort. Toparlar et al. (2015) has used CFD simulations to model the urban microclimate of a region 

in Rotterdam, the Netherlands. The simulations included wind flow and heat transfer by conduction, 

convection and radiation. They validated their simulations by comparing surface temperatures with data from 

high-resolution thermal infrared satellite images and concluded that CFD simulations can be used to accurately 

predict the urban microclimate and can be used to evaluate climate adaption measures in cities.  

   

1.4. COMPUTATIONAL FLUID DYNAMICS AND THE URBAN HEAT ISLAND EFFECT 

1.4.1. WIND FLOW IN THE URBAN ENVIRONMENT 
In order to understand how Computational Fluid Dynamics (CFD) can be used to model wind flow and heat 

transfer around buildings, a few basic general aspects are introduced in the following sections.  

1.4.1.1. ATMOSPHERIC BOUNDARY LAYER 
To simulate the wind flow inside an urban environment, a description of the layer close to the earth is needed. 

This is called the Atmospheric Boundary Layer (ABL). The ABL is formed due to the roughness of the surface of 

the earth. This surface roughness is also responsible for the shape of the mean velocity profile (as shown in 

Figure 5), starting with 0 m/s at the earth’s surface and increases the velocity magnitude with height. The 

height of the ABL depends on the thermal conditions in the atmosphere and is not a constant. During daytime, 

the surface of the earth is heated up and more thermal mixing occurs, the ABL’s height can exceed 1000 m. 

During night-time this mixing stops and the vertical mixing disappears and the ABL’s height can go down to 100 

m.  
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FIGURE 5: CHANGING WIND SPEED WITH THE CHANGING SURFACE ROUGHNESS. (IMAGE BASED ON NEW ZEALAND MINISTRY FOR THE 

ENVIRONMENT, 2011) 

1.4.1.2. SURFACE ROUGHNESS 
To describe the roughness of the earth surface, the aerodynamic roughness length z0 [m] can be used. The 

aerodynamic roughness length depends on the different roughness elements in an area: size, shape, 

orientation and spacing. Davenport (1960) created a classification for wind engineering purposes with the 

description of the terrain and the corresponding roughness length. This classification was revised by Wieringa 

(1992) and can be found in table 3TABLE 3. In reality, the roughness length around the investigated area is rarely 

uniform. In these cases the aerodynamic roughness length can be estimated for an area of the upstream 

length of at least 5 km. A method to determine the aerodynamic roughness length is to look at an aerial view 

of the investigated area as a large circle with a diameter of 10 km, with the investigated area as the centre 

point and then divide the circle in different wind directions and approximate the aerodynamic roughness 

length for each sector. This is also used by van Hooff and Blocken (2010) and Toparlar et al. (2015).  

TABLE 3: UPDATED DAVENPORT CLASSIFICATION OF EFFECTIVE TERRAIN ROUGHNESS REVISED BY WIERINGA (1992). 

z0 (m) Landscape description 

0.0002 Sea Open sea or lake (irrespective of the wave size), tidal flat, snow-covered flat plain, featureless desert, 
tarmac, concrete, with a free fetch of several kilometres. 

0.005 Smooth Featureless land surface without any noticeable obstacles and with negligible vegetation; e.g. beaches, 
pack ice without large ridges, morass, and snow-covered or fallow open country. 

0.03 Open Level country with low vegetation (e.g. grass) and isolated obstacles with separations of at least 50 obstacle 
heights; e.g. grazing land without windbreaks, heather, moor and tundra, runway area of airports. 

0.10 Roughly open Cultivated area with regular cover of low crops, or moderately open country with occasional obstacles (e.g. 
low hedges, single rows of trees, isolated farms) at relative horizontal distances of at least 20 obstacle 
heights. 

0.25 Rough Recently-developed “young” landscape with high crops or crops of varying height, and scattered obstacles 
(e.g. dense shelterbelts, vineyards) at relative distances of about 15 obstacle heights. 

0.50 Very rough “Old” cultivated landscape with many rather large obstacle groups (large farms, clumps of forest) 
separated by open spaces of about 10 obstacle heights. Also low large vegetation with small interspaces 
such as bush land, orchards, young densely-planted forest. 

1.0 Closed Landscape totally and quite regularly covered with similar-size large obstacles, with open spaces 
comparable to the obstacle heights; e.g. mature regular forests, homogeneous cities or villages. 

≥2.0 Chaotic Centres of large towns with mixture of low-rise and high-rise buildings. Also irregular large forests with 
many clearings. 
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2. CFD GUIDELINES 
Computational Fluid Dynamics (CFD) is used to obtain a numerical solution for problems that involve fluid 

flows using various equations depending on the model. With this model results are easily obtained, even 

without the proper knowledge and methodology. This causes a problem in the accuracy and credibility of the 

results of CFD. In order to avoid mistakes, researchers have set up guidelines for more reliability.  

One of these guideline documents is from Tominaga et al. (2008). Franke et al. (2007) has prepared the best 

practice guidelines for CFD in the urban environment. Blocken and Gualtieri (2012) prepared ten iterative steps 

for model development and evaluation for the use of CFD in environmental fluid dynamics. The guideline 

document by Franke et al. (2007) is divided as a ten-step list and this list will be used to briefly review these 

existing guidelines.  

2.1. TARGET VARIABLES 

According to the guidelines by Franke et al. (2007) the choice of the target variables should be the first step of 

a CFD study. These target variables should be able to represent the goals of the simulation. On top of that, the 

result from an experimental study considering the target variables should be available, so that a validation 

study can be conducted. The target variables should satisfy the criteria for sensitivity to numerical treatment 

and resolution.  

2.2. APPROXIMATE EQUATIONS DESCRIBING THE PHYSICS OF THE FLOW 

In the guideline document by Franke et al. (2007), it is stated that the choice of the basic equations has the 

largest impact on the modelling errors. In an urban area, the turbulent flow is generally modelled by the 

Reynolds Averaged Navier-Stokes (RANS) equations (Franke et al. 2007). Temperature and humidity equations 

can be considered if this is relevant to the case being investigated. According to Tominaga et al. (2008) a large 

eddy simulation (LES) is more desirable because of the higher accuracy. However, due to the limited available 

computational power and time, LES is sometimes avoided. The Direct Numerical Simulation (DNS) model is the 

most accurate because it solves the Navier-Stokes equations directly. However, DNS requires huge 

computational recourses and is even more time-consuming then LES (Tominaga et al. 2008).  

2.3. GEOMETRICAL REPRESENTATION OF THE OBSTACLES 

Franke at al. (2007) state in their guidelines that the level of detail in the model required is depending on the 

distance from the area of interest. The area of interest should be modelled with as many details as possible, 

while the building blocks further away can be represented by simple blocks. Tominaga et al. (2008) gives a 

more detailed description. The target building and the buildings which are 1-2H (with H as the target building 

height) away from the target building should be clearly modelled. Around that area, the domain should include 

at least one street block, with more details, and around that should include a cluster of building arrays to 

represent the urban area.  

2.4. COMPUTATIONAL DOMAIN 

The size of the computational domain depends on the represented area and on the used boundary conditions. 

In the vertical direction Franke et al. (2007) suggest that the top of the domain should be at least 5H (H is the 

height of the tallest building) above the roof of the building.  The blockage ratio is the ratio of the projected 

area of the building in flow direction to the free cross sectional area of the computational domain. Both Franke 

et al. and Tominaga et al. suggest that the blockage ratio should be below 3%.  Franke et al. also states that 

when the blockage ratio is smaller than 3%, a height of 4H (for top of the domain) can be sufficient and when 

the blockage ratio is higher than 3% it can be increased to even 10H. The distance between the buildings and 

the outlet should be 15H, according to Franke et al., where Tominaga et al. states that this could be a bit 



   F I N A L  · R E P O R T   

 

20 · P A G E  
 

conservative Tominaga et al. (2008) suggest a distance of 10H can also be sufficient. Both guidelines agree on 

the distance of the lateral extension and the distance from the inflow boundary to the investigated area as 

they should be at least 5H. 

2.5. BOUNDARY CONDITIONS 

Due to the modelling purposes, the size of the computational domain is limited. The surroundings of the area 

of interest which are not modelled explicitly are represented with an aerodynamic roughness length. In 

addition to the roughness modelling, the edges of the domain are specified with different boundary conditions. 

Because these boundary conditions have a large impact on the simulations and they are often not fully known, 

boundaries are chosen to be far away from the area of interest.  

The inflow boundary is usually specified at a distance of 5H, (see section 2.4). The mean velocity profile is 

generated from a logarithmic profile corresponding to the upwind terrain by the roughness length. The mean 

velocity is usually based on the information from a nearby meteorological station. Because in this study 

Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations are used to model the turbulence flow other 

methods are omitted for further explanation. For the simulations with URANS equation, information on the 

mean velocity profile, turbulent kinetic energy and turbulence dissipation rate are needed.  In order to model 

an urban environment, a fully developed atmospheric boundary layer (ABL) condition is necessary. This fully 

developed flow can be defined with the equations from Richards and Hoxey (1993). For the mean wind 

velocity, the equation is as the following (Eq. 1): 

     
    
 

 
    

    

  
       Eq. 1 

Where U(z) [m/s] is the mean velocity profile, u
*

ABL [m/s] is the ABL friction velocity, κ [-] is the von Kármán 

constant, z [m] is the reference height and z0 [-] is the aerodynamic roughness length. The κ is a dimensionless 

unit which describes the logarithmic velocity profile of a turbulent flow near a boundary layer with no-slip 

condition. This constant has a value of 0.4-0.42 according to several sources (Blocken et al. (2007), Franke et al. 

(2007) and Tominaga et al. (2008)). In this study κ is chosen as 0.42 [-].  

The turbulent fluctuations in the mean flow are calculated with a turbulence model. For the inlet boundary, 

the profiles of k and ε are needed.  The k [m
2
/s

2
] is the turbulent kinetic energy and its profile can be described 

in two ways. According to Richards and Hoxey (1993), Blocken et al. (2007) and Tominaga et al. (2008) the 

profile of k [m
2
/s

2
] can be described with the following formula (Eq. 2.): 

     
    
  

   
      Eq. 2 

Where k [m
2
/s

2
] is the turbulent kinetic energy, Cμ [-] is the model constant (=0.09[-]) and the u

*
ABL [m/s] is the 

ABL friction velocity. This equation is used in this study for the transient simulations.  

The profile of the turbulence dissipation rate, ε [m
2
/s

3
], is described as follows, according to Richards and 

Hoxey (1993) and Tominaga et al. (2008) (Eq. 3): 

     
    
  

       
      Eq. 3 

Where ε [m
2
/s

3
] is the turbulence dissipation rate, u

*
ABL [m/s] is the ABL friction velocity, the κ [-] is the von 

Kármán constant, z [m] is the reference height and z0 [m] is the aerodynamic roughness length 

The interaction between the wall type boundaries and the nearby fluid zones is described by Launder and 

Spalding (1974) as the standard wall functions (SWF). The SWF are modified with the equivalent sand-grain 

based roughness by Cebeci and Bradshaw (1977) and are used in this study for the building and ground 
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surfaces.  In this modification, the sand-grain roughness height, ks [m], is used to describe the flow near the 

surfaces. The relation between the sand-grain roughness height and the aerodynamic roughness height can be 

described in several ways (Blocken et al. 2007). For simulations with the commercial CFD code of ANSYS Fluent, 

Blocken et al. (2007) describes this relation with the following formula (Eq. 4): 

   
         

  
      Eq. 4 

Where ks [m] is the sand-grain roughness height, z0 [m] is the aerodynamic roughness length and Cs [-] is the 

roughness constant.  

Blocken et al. (2007) summarized a set of four requirements for the proper modelling of the walls from 
(Richards and Hoxey (1993), Franke et al. (2007), Fluent Inc. (2007), ANSYS Manual (2009)): 

- A sufficient high mesh resolution in the vertical direction close to the bottom of the computational 

domain; 

- A horizontally homogeneous ABL flow in the upstream and downstream region of the domain; 

- A distance zp [m] from the centre point P of the wall adjacent cell to the wall that is larger than the 

roughness height, ks, [m] of the terrain (ks < zp); 

- Knowing the relationship between the equivalent sand-grain roughness height, ks, [m] and the 

corresponding aerodynamic roughness length, z0 [m]. 

For accurate results, these requirements should be met. A homogenous ABL flow throughout the domain 

means that the roughness characteristics of the ground plane are in equilibrium. This can only be achieved 

when all the other requirements are met and the roughness characteristics are reasonably chosen.  

2.6. COMPUTATIONAL GRID 

The importance of a high resolution grid is very significant according to the guidelines by both Franke et al. 

(2007) and Tominaga et al. (2008).  A well designed grid keeps the truncation errors of the calculations low. For 

a high quality grid, ideally, the cells should be the same size all over the domain. However this increases the 

number of cells and the computational load drastically. Therefore the grid is stretched out in places with less 

interest. This expansion ratio between two adjacent cells should be less than 1.3 to keep the truncation errors 

small.  

For modelling a complex urban environment, the minimum grid resolution should be set to about 1/10
 
of the 

building edge within the area of interest. Tominaga et al. (2008) and Franke et al. (2007) also state that in a 3D-

model, 10 cells are to be used per cube root of the building. The grid resolution should always be checked. This 

can be done to refine the grid with 3.4 (which is 1.5 times the grid in three dimensions, i.e., 1.5
3
 = 3.3375) and 

compare the results of the simulations. The results should not change significantly with different grid 

resolutions.  

Another important aspect of the grid is the shape of the computational cells. Hexahedral cells are preferred 

above tetrahedral cells. According to Franke et al. (2007) this is done to reduce the truncation error and for 

better iterative converge.  On walls, the grid lines should be perpendicular to the wall, so if an unstructured 

grid is used, prismatic cells should be used at the boundary of the wall. In the study of Van Hooff and Blocken 

(2010) a method of creating a grid is explained which avoids the use of tetrahedral (unstructured) cells.  
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2.7. NUMERICAL APPROXIMATIONS 

To be able to solve the Navier-Stokes equations on the computer, they have to be discretised and transformed 

into solvable algebraic equations. Franke et al. (2007) state on numerical approximations that first order 

discretization schemes, like the first order upwind scheme, should not be used for the final solution. They can 

be used for the initial iterations, but only higher order approximations should be used for the final solution, 

like second order upwind. Also, for time-dependent problems, second order methods should be chosen for the 

approximation of the time derivatives (Franke et al. 2007).  

2.8. TIME STEP SIZE 

According to Franke et al. (2007) the time step size is an important parameter for the accuracy of the results. 

Franke et al. (2007) suggest analysing the influence of the time step size by increasing and decreasing the time 

step and run the same simulation again and compare the results with respect to the target variable chosen.  

2.9. ITERATIVE CONVERGENCE CRITERIA 

CFD simulations are performed in an iterative method to solve the algebraic system of equations. Starting with 

an initial guess, the solution is recalculated in each of the iterations until the equations are solved up to a user-

specified error. The user-specified error is based on the scaled residuals of the iterations. The termination 

criteria of industrial applications, like ANSYS Fluent software used in this research, are generally set to 10
-3

. 

However, both Franke et al. (2007) and Blocken et al. (2012) state that this value is too high to have a 

converged solution. Franke et al. suggest setting the criteria to 10
-5

 and in addition to the residuals and that 

the target variables should also be recorded. If the target variables show no further change with the increasing 

number of iterations, then the solution can be considered as converged. 
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3. CASE STUDY: ANTWERP, BELGIUM 
Chapter 1 has described the importance of investigating the UHI effect. The aim of this research is to 

investigate some adaptation measures for the UHI which can be considered for an urban area. Chapter 3.1 

describes the chosen urban area and chapter 3.2 gives the research objectives of the case study with a short 

methodology.  

3.1. DESCRIPTION OF THE CASE STUDY 

Antwerp is a large city and is the capital of the province of Antwerp in Flanders, Belgium. The municipality of 

Antwerp has 512.000 citizens and is the second largest city in Belgium after Brussels (Buurtmonitor).  The city 

is located on the river Scheldt which has a connection to the North Sea, and it is home to one of the largest 

harbours in Europe (Buurtmonitor).  

The Flemish Institute for Technological Research (VITO; In Dutch: Vlaams Instituut voor Technologisch 

Onderzoek) measures meteorological data in Antwerp at two different locations, starting from summer 2012. 

In order to investigate the magnitude of the UHI of Antwerp they measure the air temperature, relative 

humidity, solar radiation, wind velocity, wind direction and wind direction deviation.  

The first measurement point is on a rooftop of the Koninklijk Lyceum of Antwerp, a secondary school in the 

city centre. The measurement station is surrounded by a number of taller buildings; however, it is at least 10 

meter away from the nearest façade. The sensors are two meters above the rooftop at 18 m height. For the 

rural area measurements, a second station was installed by VITO at the bio farm Vanleemputten in Vremde. 

Vremde is a small town 10 kilometres away from the centre of Antwerp. The sensors are 2 meters above the 

ground in an open field. The nearest trees and structures are over 100 meters away. Figure 6 shows a five 

satellite images to give the exact locations of the measurement points.  
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FIGURE 6: GOOGLE MAPS IMAGES SHOING THE MEASUREMENT POINTS OF VITO. ON THE LEFT THE LOCATION ON THE 

ROOFTOP OF KONINKLIJK LYCUEM OF ANTWERP AND ON THE RIGHT THE MEASUREMENT LOCATION IS SHOWN ON THE SITE 

OF BIOFARM “VANLEEMLUTTEN” IN VREMDE.  THE YELLOW SQUARE INDICATES THE CUT OUT SHOWN IN FIGURE 7. 
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The investigated area in this research is located south-west of the city centre, around the secondary school 

“Koninklijk Lyceum”. The investigated area contains large building blocks, and the approximate heights of the 

buildings vary in the range of 12-15 m. The highest building in the domain is 52 m. Interesting for this study is 

the large triangular shaped park (14 ha), called “Stadspark” located north in the investigated area. Figure 7 

shows a Google Maps satellite image of the investigated area with the circle indicating the boundary of the 

subdomain where the buildings are explicitly modelled. This will be explained further in chapter 4.1. 

 

 
FIGURE 7: GOOGLE MAPS IMAGE OF ANTWERP WITH IN THE CENTRE THE KONINKIJK LYCEUM AND IN THE RIGHT UPPER CORNER THE 

“STADSPARK”. THE DIAMETER OF THE CIRCLE IS 1.6 KM 
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3.2. RESEARCH OBJECTIVES AND METHODOLOGY 

The goal of this research can be described as follows: 

- To computationally model a part of the city of Antwerp and to perform CFD simulations considering 

wind flow and heat transfer using measured meteorological conditions; 

- To investigate the magnitude of the UHI compared to the rural area measurements; 

- To validate the urban temperature based on the measurement results. 

- To investigate the impact of two adaptation measures on the UHI of the area around the Koninklijk 

Lyceum of Antwerp. 

Three simulations are performed to investigate the following adaptation measures in this research: 

- The base case, without any adaptation measures; 

- Case with “cool roofs”; 

- Case with vegetation in the form of trees in an urban canyon. 

To reach these goals, a base case simulation is performed to test the modelled computational domain and 

basic wind flow. Later, the solar radiation and thermal models are included. Before the investigation of the 

adaptation measures can be conducted, the base case scenario is validated. The validation is conducted using 

the meteorological data obtained by VITO at the bio farm Vanleemputten as the input for the simulations. The 

air temperature of the simulation is compared with the measurement data from the VITO measurement point 

at the Koninklijk Lyceum. VITO obtained the data for every 15 minutes and a transient simulation is performed. 

The influence of the time step size on the air temperatures is examined. At last a sensitivity analysis regarding 

the number of sampling points is conducted to determine how many points are necessary to obtain reliable 

results for the comparison of the adaptive measures in the park. After the validation, two adaptation measures 

are included to the base case. First, the absorptivity values of the roof materials are lowered to model the 

effect of “cool roofs”. Second some vegetation zones are added to the base case to investigate the impact of 

vegetation in the urban area. Finally, the three simulations are compared to investigate the impact of the 

adaptive measures on the UHI of Antwerp.  
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4. CFD SIMULATIONS: COMPUTATIONAL SETTINGS AND PARAMETERS 

4.1. COMPUTATIONAL GEOMETRY AND GRID 

The entire computational domain consists of two sub-domains: one circular domain, which includes the urban 

geometry (buildings and streets); and one large rectangular domain, which is used for the development of the 

flow. By using two domains, the inlet can be rotated for simulating different wind directions. Figure 8 gives an 

overview of the dimensions and zones of interest in the domain. The height of the computational domain is in 

accordance with guidelines of Franke et al. (2007) and six times the height of the highest building. In this case 

the highest building is 52 m; this means that the model should be at least 312 m high; the height of the domain 

is chosen to be 320 m. The same holds for the sides of the domain, which should be located at least 5H further 

away from the modelled urban area. In this case 5H is taken from the edge of the circular domain till the sides 

of the rectangular domain and not 5H from the area of interest. 

 
FIGURE 8: AN OVERVIEW OF THE ENTIRE COMPUTATIONAL DOMAIN. IN LIGHT GRAY IS THE RECTANGULAR DOMAIN WHICH CAN BE 

ROTATED AROUND THE CIRCULAR DOMAIN IN DARK GRAY. THE RED ZONE IS THE ZONE WITH THE VITO URBAN MEASUREMENT POINT, 

LYCEUM, WHERE THE GREEN ZONE IS THE ZONE WITH THE LARGE PARK WHICH IS SUBSTITUTED IN SOME SIMULATIONS. 

4.1.1. COMPUTATIONAL GRID 

To perform the CFD calculations, a geometric model of Antwerp is generated. This is achieved according to the 

guidelines explained in the CFD guidelines section. A model is created with the following procedure. This 

methodology is based on the method introduced in the study by van Hooff & Blocken (2010): 

- An AutoCAD drawing of Antwerp was acquired from the VITO. Then, the geometry of the model was 

simplified such that in the target area details smaller than 1 m were removed and going further away 

from the target area building detailing became coarser.  

- After all the modifications, the file was exported as an IGES file which was processed in Gambit, which 

is a pre-processor used for geometry modification and grid generation.   

- In Gambit, the geometry is meshed. This is done in 2D. The mesh is fine in the area of interest and 

becomes coarser is toward the outer sections of the domain.  

- After the completion of the grid generation the grid quality is checked. Optimal quadrilateral grids 

have cells with angels of 90 degrees, this result in skewness of 0 [-]. Highly skewed cells can decrease 

and destabilize the solution (ANSYS Manual, 2009). The skewness of the created grid is below 0.4 [-] 

for 98% of the cells in the grid.  
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- To convert the 2D grid into 3D model a line perpendicular on the ground plane is made. This line was 

divided in different sections corresponding to the different building heights and meshed. The grid was 

finalized with the sweeping of the 2D grid along this line as described by van Hooff & Blocken (2010).  

With the sweeping operation, the grid became 3-dimensional as volumes were generated.  

- The volumes which correspond to the buildings were deleted, meaning the inside of the buildings was 

not modelled explicitly.  

The domain boundaries were specified separately so they can have specific values when the model settings 

were being prepared. In this model, four different wall boundaries were used: one for the ground plane in the 

rectangular domain, one for the ground plane in the circular domain, one for the building walls and one for the 

rooftops of different buildings.  

In the end, a computational domain composed of 11.310.848 hexahedral cells was generated.  Figure 9 shows 

a comparison of the area around the Koninklijk Lyceum of Antwerp. Figure 10A/B shows comparative figures 

are provided for the modelled urban area and corresponding section from the domain. 

 

 

FIGURE 9: COMPARISON BETWEEN THE BING MAPS AERIAL OVERVIEW (TOP) AND THE MESHED DOMAIN IN ANSYS FLUENT. IN THE 

CENTRE OF THE IMAGES IS THE KONKIJKLIJK LYCEUM, IN THE TOP OF THE IMAGES IS THE STADSPARK 

NUMBER OF CELLS:  11.310.848 (BOTTOM)  

THE YELLOW AND RED RECTANGLES INDICATE WHERE RESPECTIVILY FIGURE 10A AND B WERE TAKEN 

N
 

250 m 
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FIGURE 10A: COMPARISON BETWEEN THE BING MAPS AERIAL OVERVIEW (TOP) AND THE MESHED DOMAIN IN ANSYS FLUENT.  

THE RED CIRCLE SHOWS THE MEASUREMENT POINT OF VITO AT THE KONINKLIJK LYCUEM OF ANTWERP 

NUMBER OF CELLS:  11.310.848 (BOTTOM) 
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FIGURE 10B: COMPARISON BETWEEN THE BING MAPS AERIAL OVERVIEW (TOP) AND THE MESHED DOMAIN IN ANSYS FLUENT.  

THE BROAD AVENUE FROM LEFT TO RIGHT IS THE BRTSE LEI, AND THE AREA IN THE RIGHT UPPER CORNER IS THE STADSPARK  

NUMBER OF CELLS:  11.310.848 (BOTTOM) 
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4.1.2. TWO VARIANTS OF THE PARK 
To calculate the effect of the large park in the area, two different grids are created. These grids are created as 

the other domains described in paragraph 4.1.1. The first is the current situation modelled without the cooling 

effect of the trees. In the other area the vegetation volumes were added. In this domain the volumes which 

make up the crown of the trees are specified in a separate fluid zone where additional models and sink terms 

can be applied. These are described in paragraph 4.3.3. Figure 11 gives a schematic of the location of the 

vegetation volumes, where Figure 12 depicts the two different variants of the park area.  

 
FIGURE 11: IN RED THE VEGATATION VOLUME WERE THE SINK TERMS ARE APPLIED 

 

 
FIGURE 12: THE TWO DIFFERENT VARIANTS OF PARK AREA, ON THE LEFT THE GRID WITHOUT VEGETATION, ON THE RIGHT THE GRID 

WITH VEGETATION, WITH THE VEGETATION COLOURED IN GREEN 

 

  

550 m 

N
 

13 m 

2 m 
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4.2. INITIAL AND BOUNDARY CONDITIONS 

In this section the initial and boundary conditions for the CFD simulations in ANSYS Fluent are described. The 

first paragraph describes the chosen aerodynamic roughness length (z0 [m]). The second paragraph describes 

the inlet profiles. The third paragraph gives the roughness height of wall boundaries. The last paragraph is on 

the thermal boundary conditions of the ground plane, buildings and rooftops. 

4.2.1. AERODYNAMIC ROUGHNESS LENGTH (Z0) 
Both the three inlet profiles (velocity, turbulent kinetic energy and the turbulence dissipation rate) and the 

ground roughness are linked to the aerodynamic roughness length (z0 [m]) of the terrain upstream of the 

computational domain. The value of the z0 [m] is obtained by using the Updated Davenport Roughness 

Classification by Wieringa (1992). For this assessment, a circle is drawn around the domain with a radius of 10 

km. The circle is then divided in sections of 30°.  For each section, a z0 value [m] is assigned according the 

description of the updated Davenport roughness classification. If the wind direction at a particular time step 

was subject to change, the z0 [m] which has a large influence on the inlet profiles change as well.  

Figure 13 gives an overview of the surroundings of the domain in Antwerp. Here the different zones are 

assigned according to the updated Davenport roughness classification and an average z0 [m] is assigned to 

each section.  

 

 

 
FIGURE 13: AERODYNAMIC ROUGHNESS HEIGHT FOR THE INLET FLOW SURROUNDING THE COMPUTATIONAL DOMAIN GENERATED, 

THE DIAMETER OF THE CIRLE IS 10 KM 

 

  

ϕ = 330°, z0 = 1.0 m 

ϕ = 0°, z0 = 1.0 m 

ϕ = 30°, z0 = 1.0 m 

ϕ = 60°, z0 = 1.0 m 

ϕ = 90°, z0 = 1.0 m 

ϕ = 120°, z0 = 1.0 m 

ϕ = 150°, z0 = 1.0 m 

ϕ = 180°, z0 = 1.0 m 

ϕ = 210°, z0 = 1.0 m 

ϕ = 240°, z0 = 1.0 m 

ϕ = 270°, z0 = 0.5 m 

ϕ = 300°, z0 = 1.0 m 

Sea:   z0 = 0.0002 m; 

Rough:   z0 = 0.25 m; 

Very Rough:  z0 = 0.5 m; 

Closed:  z0 = 1.0 m. 
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4.2.2. INLET PROFILES 
For the input three profiles are needed: the mean wind velocity profile, the turbulent kinetic energy profile 

and the turbulence dissipation rate profile. These profiles are obtained using the following formulae from 

Richards and Hoxey (1993) (Eq. 1, Eq. 2, and Eq. 3):   

      
  

   

 
   

    

  
      Eq. 1 

      
  

   
 

   
      Eq. 2 

      
  

   
 

        
      Eq. 3 

Where Cµ [-] is the model constant (= 0.09), κ [-] is the von Karman constant (=0.42) and U
*

ABL [m/s] is the 

atmospheric boundary layer friction velocity. U
*

ABL is calculated from the reference velocity (Uh [m/s]) taken 

from the measurement data of VITO, using the following formula (Eq. 5) from Richards and Hoxey (1993):   

   
     

   

   
     
  

 
     Eq. 5 

 

Graph 1 gives three graphs for the three different profiles for the most used input of z0 = 1.0 m with an Uref of 

1.0 m/s. 
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GRAPH 1A, B, C:  

A) SHOWS THE WIND VELOCITY PROFILE; 

 B) SHOWS THE TURBULENT KINETIC ENERGY PROFILE;  

C) SHOWS THE PROFLIE OF THE TURBULENCE DISSIPATION RATE. 
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4.2.3. ROUGHNESS HEIGHT 
Every wall type boundary in the domain has to have a roughness height and a roughness constant as it is 

required by the equivalent sand-grain based roughness modification. For the building walls and rooftops, the 

roughness height is assumed to be 0 m. For the ground surfaces, these values can be calculated with the 

following equation from Blocken et al. (2007) as explained in the CFD guidelines section (Eq. 6). 

    
          

  
      Eq. 6 

Where ks [m] is the sand-grain roughness height, z0 [m] is the aerodynamic roughness length and Cs [-] is the 

roughness constant.  

The z0 [m] for the ground plane of the rectangular domain depends on the wind direction and can be 0.5 m or 

1 m. The z0 [m] of the circular domain represents the different obstacles which can be found in a street like, 

curbs, benches and street poles. According to Blocken and Persoon (2009) the z0 should be 0.03 m. On top of 

that the height of the centre of the first cell (zP [m]) must be must larger than the ks [m]. Table 4 gives the 

chosen roughness heights and constants in the different situations.  

TABLE 4: ROUGHNESS VALUES FOR THE DIFFERENT PARTS OF THE DOMAINS 

Domain z0 
[m] 

ks 

[m] 
Cs 

[-] 
zP 

[m] 

Rectangular 0.5 0.7 7 1.5 
Rectangular 1 1.4 7 1.5 
Circular 0.03 0.05 5.88 0.06 

 

4.2.4. SURFACE BOUNDARY CONDITIONS 
The ground plane is assumed to be 10 m thick with a constant temperature of 10°C at 10 m height. For the 

building walls and roofs the thermal properties are chosen as if they were standard brick building walls with a 

thickness of 0.35 m. The indoor temperature was set to 21°C as if the rooms were air-conditioned during 

summer period. The ground absorption was set on 0.5 [-]. The solar absorptivity is slightly higher than the 

ground plane and is set to 0.75 [-]. For the roofs, the absorptivity is lowered in the variants where the normal 

roofs are changed into “cool roofs”. In this case, the absorptivity is lowered to 0.25 [-]. These absorptivity 

values are based on the Taha et al. (1988) on the albedo values of concrete and white surfaces. The albedo 

describes what percentage of the incident light is reflected, and is the opposite of the absorptivity.  Table 5 

gives an overview of albedo values given by Taha et al. (1988). 

TABLE 5: ALBEDO VALUES FOR DIFFERENT COVERS 

Covers  Albedo [-] 

Water 0.09 
Fresh snow 0.80 
Bare, dry soil 0.30 
Concrete/buildings 0.10-0.35 
Streets 0.14 
Asphalt pavement 0.10 

 

4.3. TURBULENCE MODEL 

Out of the three different approaches as described in the CFD Guidelines section, the URANS approach with 

the realizable k-ε turbulence model (Shih et al., 1995) was chosen. Due to the size of the computational 

domain, this approach will reduce the demand for computational resources compared to the simulations with 

LES and DNS. 
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4.4. ADDITIONAL MODELS 

The guidelines in chapter 3 cover how to model wind flow in CFD software. However, to compute temperature 

output and to calculate the magnitude of the UHI, additional models are required. The first part of this chapter 

describes the modelling of the natural convection and the second part describes the thermal model. The third 

part describes the vegetation model.   

4.4.1. NATURAL CONVECTION MODEL 
In this study, simulations consider not only the flow field, but also the temperature field. In reality, the air 

density varies with the changing temperature. So when heat is included in a simulation setup, several 

additional material properties of the fluid are needed to properly model the influence of gravity and buoyancy 

driven flows as natural convection. To create the convection model the gravity is set to -9.81 m/s
2
 in the z-

direction. To have an effect of the convective heat on the air temperature the thermal expansion coefficient is 

set on 0.0034K
-1

 and full buoyancy is switched on to simulate natural convection. Furthermore, the Boussinesq 

model is used to calculate the air density. Graph 2 shows the density of air with different temperatures.  

 
GRAPH 2: THE RELATION OF TEMPERATURE AND AIR DENSITY.  

(SOURCE: HTTP://WWW.ENGINEERINGTOOLBOX.COM/AIR-PROPERTIES-D_156.HTML) 

 

According to the manual of ANSYS Fluent (2009), the solver which is used to perform the CFD simulations, 

density can be defined in four different ways when modelling an incompressible flow: 

 

- Constant density, if the density should not be a function of temperature; 

- The incompressible ideal gas law, when pressure variations are small enough that the flow is 

fully incompressible but the ideal gas law is used to express the relationship between density 

and temperature (e.g., for a natural convection problem); 

- Density as a polynomial, piecewise-linear, or piecewise-polynomial function of temperature, 

when the density is a function of temperature only, as in a natural convection problem; 

- The Boussinesq model, for natural convection problems involving small changes in 

temperature. (ANSYS Manual, Chapter 8.3.1) 

For many natural-convection flows, the Boussinesq model will converge more quickly than setting up the 

problem with fluid density as a function of temperature. This model treats density as a constant value in all 

solved equations, except for the buoyancy term in the momentum equation (Eq. 7): 
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                         Eq. 7 

 

Where ρ0 [kg/m
3
] is the density of the fluid, T0 [K] is the operating temperature, and β [K

-1
] is the thermal 

expansion coefficient. This momentum equation is obtained by using the Boussinesq approximation   

         , to eliminate ρ from the buoyancy term. This approximation can yield to accurate results as long 

as the changes in the density are small; specifically, the Boussinesq approximation is only valid when     

     . 

According to the ANSYS Manual (Section 13.2.4) the Boussinesq model should not be used if the temperature 

differences in the domain are large. In a simulation setup considering the heat transfer in a (part of a) city, the 

temperatures vary from 20°C (for air temperature) to 70°C (for air temperatures near surfaces which are 

increased due to solar radiation). The thermal expansion coefficient of air (at 20°C, 293.15 K) is 1/293.15 = 

0.00341 K
-1

, so according the formula: 0.00341*(70-20) = 0.1705 the resulting value is smaller than 1, so the 

Boussinesq model can be used in this research. 

 

4.4.2. THERMAL MODEL 
To compute air temperatures, it is important to model the heat transfer close to the walls. Therefore, radiation 

and convection models are needed to describe the heat transfer near the surface and the effect of the heat on 

the wind flow.  

The formula ANSYS Fluent uses to calculate the heat flux of walls with external radiation and external 

convection is as follows (Eq. 8): 

                    

                                                                                  
    

            Eq. 8 

Where q is the heat flux [W/m
2
], hf is the fluid-side local heat transfer coefficient [W/m

2
K], Tw is the wall 

surface temperature [K], Tf is the local fluid temperature [K], qrad is the radiative heat flux [m/m
2
], hext is the 

external heat transfer coefficient [W/m
2
K], Text is the external heat-sink temperature [K], ϵext is the emissivity of 

the external wall surface [-], σ is the Stefan-Bolzmann constant  (=5.670373 × 10
-8

 kg*s
-3

K
-4

) and the T  is the 

temperature of the radiation source of sink on the exterior of the domain [K]. 

In this case the external heat transfer coefficient is 25 W/m
2
K, and the emissivity is set to 0.9 [-]. For external 

heat-sink temperature, 10°C for the ground temperature and 21°C for the internal temperature for buildings 

are used respectively. For the thermal conduction inside the walls ANSYS Fluent also needs some material 

properties of soil and building wall. These properties can be found in Table 6. 

TABLE 6: MATERIAL PROPERTIES 

Property Building wall  Soil 

Density (kg/m
3
) 1700 1600 

Specific Heat (J/kgK) 2100 1700 
Thermal Conductivity (W/mK) 1.6 2 

 

To simulate the influence of the sun a radiation model is used, combined with a solar calculator. To model the 

radiation in the computational domain the P1-radiation model was. According to the ANSYS Manual (2009) this 

model is suitable for radiation calculations when there are high temperature differences involved in the 

domain. In this model the solar load can be calculated by the Solar Calculator which is implemented in ANSYS 

Fluent.  The input needed is the longitude and latitude of the location of the model, the time zone, the time 

and date of the simulation and the mesh orientation. After this the model calculates the sun direction vector 

and the direct and diffuse solar radiation. Table 7 gives the input values used in this research. 
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TABLE 7: INPUT VALUES FOR SOLAR RADIATION 

Parameter Input Value 

Radiation model P1-model  
Sun position and intensity Solar calculator implemented in ANSYS Fluent 
Longitude 4.25 
Latitude 51.13 
Time zone +1 GMT 
Date  21 and 22 June 2013 

 

4.4.3. VEGETATION MODEL 
To model the effects of vegetation on both air flow and air temperature, sink and source terms are used. 

These sink and source terms affect the momentum, turbulent kinetic energy and turbulence dissipation rate of 

the airflow caused by the vegetation. These are described in different equations and are derived from 

literature studies of Bruse and Fleer (1998), Katul et al. (2004) and Melese Endalew et al. (2010). Melese 

Endalew et al. (2010) have used and validated these equations in their study. These equations are written in 

C++ source code and compiled as a user defined function in ANSYS Fluent.  

The following equation is the source term for the momentum equations in the x, y, and z direction (Eq. 9): 

   
    

 
                  Eq. 9 

Where     is the source term for the momentum equations, ρ is the air density [kg/m
3
], Cd is the dimensionless 

drag coefficient [-], LAD is the leaf area density [m
2
/m

3
], U is the velocity magnitude, and ui is the air velocity 

where i is altered by x, y and z.  

The dimensionless drag coefficient of a plant canopy is considered constant at 0.2 according to Liang et al. 

(2005). The leaf area density (LAD) determines the form drag and friction caused by the leaf and branches of 

the tree. It is defined as the leaf area of the tree in m
2
 per cubic meter volume of the tree. Usual these values 

are between 0.5 to 3.0 m
2
/m

3
. The value used in this case study was set on 1.5 m

2
/m

3
 as an average value. The 

vegetation is modelled as large zones instead of separate trees; therefore the LAD value is divided by 2 to take 

the spaces between the trees into account.  

The following equation is applied as a source term for the turbulent kinetic energy (Eq. 10): 

                  
             Eq. 10 

Where Sk is the source term for the turbulent kinetic energy, ρ is the air density [kg/m
3
], Cd is the 

dimensionless drag coefficient [-], LAD is the leaf area density [m
2
/m

3
], βp [-] is the fraction of the mean flow 

kinetic energy converted to wake-generated turbulent kinetic energy by canopy resistance,  U [m/s] is the 

velocity magnitude, βd [-] is the coefficient for the dissipation of the turbulent kinetic energy by interactions 

with the vegetation, and k is the turbulent kinetic energy [m
2
/s

2
]. 

In this formula the effects on the turbulent kinetic energy is given caused by the leaf and stems of the 

vegetation. The air flows through the porous medium which will cause an increase of the turbulent kinetic 

energy. Described as     
 , in the formula. The other part describes the loss of energy caused by the 

vegetation. Described as      , in the formula. The values of constant and set on respectively:  βp = 1 [-], and 

βd = 5.1 [-]. These values can be found in the researches of Melese Endalew et al. (2010), Katul et al (2004) and 

Sanz (2002).  
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The last equation describes the source term of the turbulent dissipation rate (Eq. 11): 

                   
 

 
                Eq. 11 

Where Sε is the source term for the turbulent dissipation rate, ρ is the air density [kg/m
3
], Cd [-] is the 

dimensionless drag coefficient, LAD [m
2
/m

3
] is the leaf area density, Cε4 [-] and Cε5 [-] are closure constants, βp 

[-] is the fraction of the mean flow kinetic energy converted to wake-generated turbulent kinetic energy by 

canopy resistance, ε [m
2
/s

3
] is the turbulent dissipation rate, k [m

2
/s

2
] is the turbulent kinetic energy, βd [-] is 

the coefficient for the dissipation of the turbulent kinetic energy by interactions with the vegetation, and U 

[m/s] is the velocity magnitude.  

This formula is similar to the formula of the turbulent kinetic energy. The first part describes the increase of 

the turbulent dissipation rate due to the porous zone and the second part the decrease of the turbulent 

dissipation rate due to the vegetation. The Cε4 and Cε5 are closure constants and both are set on 0.9 [-] as 

proposed by Sanz (2002) 

At last the effect of vegetation on the temperature needs to be described. However, evaporative cooling 

involves extensive equations with unknown parameters. Instead of using these equations a fixed value is used. 

This value implies the cooling power of the vegetation volume on the air and the surrounding air. In a study of 

Ennos (2011) peak values of 360-610 W/m
2
 are given for urban vegetation. These values are per m

2
 of the leaf 

of the tree. Multiplied with the LAD will give us a fixed value for the cooling power in W/m
3
. Gromke et al. 

(2015) has used a cooling power potential of 500 W/m
3
 with a LAD of 3.0 m

2
/m

3
 using a direct solar radiation 

of 800 W/m
2
.   

In this research the cooling potential of the vegetation is made dependant on the direct solar radiation. Using 

the cooling potential used by Gromke et al. (2015) this research used the following formula to calculate the 

cooling power (Eq. 12): 

                 Eq. 12 

Where CP is the Cooling power [W/m
2
], LAD is the leaf area density [m

2
/m

3
], Is is the solar radiation [W/m

2
] 

and c is a constant value set to 0.4 [-]. 

4.5. DISCRETIZATION SCHEMES AND CONVERGENCE CRITERIA 

In ANSYS Fluent, the methods for solving the differential equations have to be indicated. In chapter 2 the 

guidelines of the different solution parameters can be found. In this paragraph the chosen methods will be 

given in this case and briefly the chosen iterative convergence criteria will be described. 

For the numerical approximations in this study the chosen method is “second order upwind” for the 

momentum, turbulent kinetic energy, turbulent dissipation rate and energy equations, which is suggested by 

Tominaga et al. (2008). For pressure, the second order interpolation scheme was chosen and for the pressure-

velocity coupling the chosen scheme is SIMPLEC, which is suggested by the ANSYS Fluent manual because 

natural convection is enabled in the model (ANSYS Manual, 2009). 

Calculating the wind flow and temperatures in this model is done in an iterative method. To reach to a more 

accurate solution, ideally, the residuals should be very close to zero. According to the guidelines of Franke et al. 

(2007) the results can be considered as converged when the residuals have a value lower than 0.00001 (10
-5

). 

In this study, the residuals were set as low as 0.000001 (which is 10
-6

) for the results to be considered as 

converged.  
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4.6. SUMMARY OF THE SETTINGS FOR THE CFD SIMULATION 

Fluid  Boundary conditions 

Air, incompressible, viscous  Inlet  

Density (Boussinesq) 1.2466 kg/m
3
  Type Velocity inlet 

Viscosity 1.7894 ·10
-5

 kg/ms  Velocity profile 
 
  

   

 
   

    
  

  

Computational domain  Uref (Wind velocity at 
inlet at  10m height) 

Variable 

Length 3600 m  k (m
2
/s

2
)   

   
 

   
 

Height 320 m  ε (m
2
/s

3
)     

  

       
 

Width 3000 m  Outlet  

Diameter urban area 2400 m  Type Pressure outlet 

Highest building 52 m  Ground surface  

Mesh type (xy-plane) Unstructured quad cells  ks (rectangular region) 1.4 m (0.7 for z0=0.5 m) 

Mesh type (z-plane) Structured hexahedral grid  Cs (rectangular region) 7 [-] 

Number of cells 11.310.848  ks (circular region) 0.05 m 

Models  Cs (circular region) 5.88 [-] 

Turbulence model Realizable k-ε  Discretization schemes 

Radiation model P1  Momentum Second Order Upwind 

Solar model Solar ray tracing  k, ε Second Order Upwind 

Wall functions Standard wall functions  Energy Second Order Upwind 

Constants  Pressure Second Order 

Von Karman constant 0.42 [-]  Pressure-velocity 
coupling 

SIMPLEC 

Gravitational 
Acceleration 

9.81 m/s
2
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5. CFD SIMULATIONS: COMPARATIVE STUDY 
In this study, CFD simulations are performed to investigate the UHI of Antwerp. This chapter starts with the 

used methodology for the comparative study, followed by the validation of the air temperatures using the 

measurement data from VITO. It concludes with the results of the case without adaptive measures, also called 

the base case, compared with the simulations with adaptive measures.  

5.1. METHODOLOGY FOR COMPARATIVE STUDY 

The model is used to calculate the magnitude of the UHI in the streets of Antwerp. This is achieved by 

comparing the air temperatures in Antwerp with the temperatures of a rural area close to Antwerp. The air 

temperature measurements in Antwerp are conducted at two locations. First measurement point is on the top 

of the Koninklijk Lyceum. This is where VITO has measured the urban meteorological conditions, and this 

measurement point is used for the validation of air temperatures. Second, 2,500 points are placed in a grid 

around the park to average and compare with the temperature in the rural area to compute the magnitude of 

the UHI. The number of points and size of the grid are explained in the next paragraphs. 

5.2. VALIDATION OF AIR TEMPERATURES 

5.2.1. METHODOLOGY FOR VALIDATION 

For the validation of the CFD-results, the calculated air temperatures are compared with the measurement 

data of VITO. VITO provided measurement data for the two locations, containing air temperatures, wind 

velocity, wind direction, solar radiation, relative humidity, for every fifteen minutes. The locations of these 

measurement points can be found in chapter 3.1. The air temperatures, wind velocity and direction from the 

rural measurement point are used as input for the CFD simulations. The CFD simulations are conducted for two 

consecutive days, 21 and 22 June 2013, and the air temperatures at the VITO measurement point are 

compared with the actual measurements. The locations of the measurement points are described in chapter 3. 

All the used inputs are described in chapter 4. Graph 3 shows solar radiation and wind speeds used as input for 

the validation cases. 

 
GRAPH 3: DATA FOR THE SOLAR RADIATION AND THE HOURLY AVERAGE WINDSPEED FOR THE INVESTIGATED PERIOD 
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5.2.2. SENSITIVITY ANALYSIS OF THE SAMPLING POINTS 

To compare the average temperature of the different adaptive measures, sampling points based on a grid 

system are placed on top of the park area and the leeward side of the park. To determine how many points are 

needed to give reliable results a sampling point analysis is used. Figure 14 gives an overview of the sampling 

points used in this study.  

 

FIGURE 14: OVERVIEW OF THE SAMPLING POINT ANALYSIS AREA 

On this part, multiple sampling point setups are specified, with different number of points. Table 8 shows the 

setup number, number of points per one side of the grid arrangement, average temperature and the result of 

the sampling point analysis: using the following formula (Eq. 13): 

   
         

    
           Eq. 13 

Where tmax is the temperature of the grid with the highest number of points. This formula shows the difference 

between the results of the different grids. Graph 4 shows that with grids of more than 50 points per side the 

difference is lower than 0.5%, and thus, this is the chosen grid to calculate the average air temperature in the 

specified area.  

TABLE 8: RESULTS OF THE SAMPLING POINT ANALYSIS 

Grid 
number 

Number 
of points 

Temperature 
in [°C] 

Sensitivity [%] 

1 1 19.7 0.61 

2 5 19.7 0.96 

3 10 19.9 2.02 

4 15 19.8 1.10 

5 20 19.6 0.51 

6 25 19.7 0.63 

7 50 19.6 0.14 

8 75 19.6 0.17 

9 100 19.6 0.02 

10 150 19.5 0.00 

N
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GRAPH 4: RESULTS OF THE SAMPLING POINT ANALYSIS 

5.2.3. TIME STEP SENSITIVITY ANALYSIS 

The measurement data from VITO is taken for every 15 minutes. However, for CFD-simulations this may not be 

the best time step to give accurate results. A time step sensitivity analysis is done to determine the influence 

of the time step on the results. The analysis is conducted by comparing the temperatures at the VITO 

measurement point of three simulations with time steps of respectively 5 minutes, 10 minutes and 15 minutes. 

The results can be found in Graph 5. The average difference between the simulations with time steps of 5 min 

and 15 min is 3%, with an absolute difference of 0.3°C. However, a larger time step will reduce the 

computational time significantly. Therefore, a time step of 15 min is used in remainder of this study.  

 

 
GRAPH 5: TIME STEP SENSITIVITY ANALYSIS RESULTS 
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5.2.4. RESULTS OF THE VALIDATION OF AIR TEMPERATURES 

In Graph 6 the air temperatures at the VITO measurement point in Antwerp are given. Graph 7 provides the 

difference in percentages of the simulated air temperatures compared with the measurements from VITO on 

the rooftop of the Koninklijk Lyceum of Antwerp.  

The results of the simulation in Graph 6 looks shifted compared to the actual temperatures measured in the 

VITO measurement point. This shift can be caused due to the used input data from the rural location “bio farm 

Vanleemputten”. This measurement point at Vanleemputten is 10 km away from the measurement point at 

the Koninklijk Lyceum. In the simulated days the wind is coming from the south-west to west. In this wind 

orientation, the measurement point at Vanleemputten is at the leeward side of the wind compared to the 

measurement point at the Koninklijk Lyceum. This can cause a shift in the measured data which was used as 

the input for the simulation.  

Even with this shift, the results show an average difference in air temperature at the measurement point of 

VITO of 2.9% and a maximum difference of 12.6%. These shows the CFD-simulations provide fairly good results 

with respect to the average air temperatures.  

To best-match the VITO measurement data, the results of the base case have to be shifted 1 hour. This is 

shown in Graph 8. With this 1 hour time-shift, the average difference in air temperature at the measurement 

point of VITO of 1.7% and a maximum difference of 9.0%. 

 

 
GRAPH 6: TEMPERATURE COMPARISON AT THE VITO MEASUREMENT POINT 
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GRAPH 7: THE DIFFERENCE OF AIR TEMPERATURE OF THE MODEL COMPARED TO THE MEASURED DATA FROM VITO 

GRAPH 8: TEMPERATURE COMPARISON AT THE VITO MEASUREMENT POINT WITH A ONE-HOUR SHIFT 
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5.3.1. RESULTS AT THE VITO MEASUREMENT POINT 
The VITO measurement point is located at the upwind from the park area and thus the vegetation shouldn’t 

have an impact on the results. Graph 9:9 shows the temperature at the VITO measurement point during two 

consecutive days; 21-22 June of 2013. A comparison with the measured results and the calculated results is 

made in paragraph 5.2. Graph 10 shows the input average wind speed and solar radiation. In these graphs the 

grey banded areas show the night-time. The first night starts with decreasing temperatures during night time. 

The night ends with a sudden decrease of temperature of 2°C in every calculation. This can be explained by the 

sudden increase of wind speed as shown in graph 10. As the day progresses the solar radiation increases with a 

peak at 14:00 and decreases until sunset. The temperatures in all calculations and measurements increase 

with increasing solar radiations and decreases when the solar radiation is decreasing until the next morning. 

The next day the solar radiation decreases before midday, probably because of clouds. Both days have their 

highest temperatures approximately one to two hours after the solar radiation peak. In general, there are 

some small differences in time where all boundary conditions are relatively the same. This can be explained 

because the residuals did not reach the same level of convergence at each time step. 

 
GRAPH 9: TEMPERATURES AT THE VITO MEASUREMENT POINT 

 

GRAPH 10: SOLAR RADIATION AND AVERAGE WINDSPEED 
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Table 9 shows the average temperatures during day and night time. The overall average temperatures 

between the three different calculations are within 0.5°C. During daytime the differences are smaller (ΔTmax = 

0.6°C) then during night-time (ΔTmax = 1.7°C). For the calculation with vegetation it is expected to have 

results similar with the base case, because the VITO measurement point is upwind from the park. It should be 

noted that the results of the calculations with the “cool roofs” also have results similar to the base case, while 

the cool roof is also applied to the roof at the measurement point of VITO The next paragraphs will give a more 

detailed view on the impact of the vegetation and “cool roofs” on the UHI.  

TABLE 9: AVERAGE TEMPERATURES DURING DAY- AND NIGHT-TIME 

 VITO Base case Cool roofs With Vegetation 

Night-time 19.0°C 19.5°C 18.7°C 18.5°C 

Daytime  16.9°C 17.5°C 17.4°C 17.2°C 

Night-time 15.7°C 16.5°C 16.3°C 16.6°C 

Daytime 16.6°C 16.8°C 16.9°C 16.9°C 

Night-time 14.3°C 14.5°C 14.5°C 16.0°C 

Average 16.5°C 17.0°C 16.7°C 17.0°C 

 

5.3.2. IMPACT OF A VEGETATION ZONE 
To analyse the results of adding vegetation into an urban area this paragraph is divided in two sections. In the 

first section the wind flow is compared to the calculations with and without vegetation, in the second section 

the temperatures are compared to the base case.  

5.3.2.1. WIND FLOW COMPARISON 

Figure 95 shows a comparison of the wind flow of the calculations with and without vegetation at 10:45 h of 

the second day at 2 metres height. The results clearly show the influence of the vegetation on the wind 

velocities inside the park. The results also show that the wind velocities inside courtyards are much lower 

compared to the street canyons. There are no distinctive differences in the wind pattern in both the upwind 

and downwind area of the vegetation zone. Also on other velocity contour plots, found in appendix B, the wind 

pattern of the upwind and downwind areas are similar. These results suggest that the vegetation only 

influences the wind velocity inside the park. The average wind velocity drops from 4.2 m/s to 3.7 m/s on the 

measurement grid, with only small differences up and down wind from the park the average wind velocity 

inside the park is higher. 
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FIGURE 95A AND B: VELOCITY CONTOUR PLOTS AT Z = 2.0 M OF THE BASE CASE (A) AND WITH VEGETATION (B) 
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5.3.2.2. TEMPERATURE COMPARISON 

Graph 11 shows the absolute temperature difference between the base case and the simulations with 

vegetation. The second line shows the solar radiation used as an input. As described in paragraph 4.4.3, the 

cooling power of the vegetation is made dependant on the solar radiation, which is clearly shown in the 

calculated air temperatures which reduces with the vegetation when the solar radiation increases. On the 

other hand when the solar radiation decreases the temperature increases compared to the base case. It 

should be noted that the temperatures at night with vegetation are 0.7°C higher compared to the base case. 

An explanation could be the reduction of wind speeds in the park caused by the vegetation slowing the cooling 

process in the park.  

 

 
GRAPH 11: THE TEMPERATURE DIFFERENCE OF THE BASE CASE AND THE CALCULATION WITH VEGETATIONS LINKED TO THE SOLAR 

RADIATION 

Figure 6 shows the comparison between the air temperatures inside the park at z = 2.0 m at 10:45 h on the 
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average temperature of the base case of 18.9°C and the simulation with vegetation of 16.8°C the difference is 

2.1°C. If this difference is caused entirely by the vegetation is doubtful. Because the temperatures before the 

vegetation zone in the base case are around 1.0°C higher than in the simulation with vegetation, probably 

because the simulations did not reached the same level of convergence at this time step. Therefore, the 

impact of the vegetation can be assumed to be lower.  
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FIGURE 16A AND B: TEMPERATURE CONTOUR PLOTS OF THE AIR TEMPERATURE AT Z = 2.0 M OF THE BASE CASE (A) AND WITH 

VEGETATION (B) AT 10:45 ON THE SECOND DAY 
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In Figure 107, a larger view of the model with vegetation shows a better view on the wake area behind the 

vegetation. In this research the wind wake is in a region with less modelled building blocks and close to the 

edge of the circular domain, giving a deceptive influenced maximum area. However, from this research it can 

be concluded that the influenced area is at least 250-300 m behind the park area.   

 

 
 

 
FIGURE 107: TEMPERATURE CONTOUR PLOTS OF THE AIR TEMPERATURE AT Z = 2.0 M OF THE SIMULATION WITH VEGETATION AT 10:45 

ON THE SECOND DAY 

 

Figure 18 shows the comparison between the air temperatures inside the park and the base case at z = 2.0 m 

at 22:15 on the first day. At This time the sun has set and thus the solar radiation is 0 W/m
2
. The wind velocity 

on the measurement grid is higher in the base case 4.9 m/s compared to the model with vegetation 4.2 m/s. 

The average temperature in the base case is 17.1°C and the simulation with vegetation 17.6°C. During night 

time the model with vegetation shows higher temperatures compared to the base case. The contour plots 

show higher temperatures downwind from the park. With the reduced wind velocity the vegetation keeps the 

heat of the city longer inside the park.  
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FIGURE 18A AND B: TEMPERATURE CONTOUR PLOTS OF THE AIR TEMPERATURE AT Z = 2.0 M OF THE BASE CASE (A) AND WITH 

VEGETATION (B) AT 22:15 ON THE FIRST DAY 
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5.3.3. IMPACT OF “COOL ROOFS” 

5.3.3.1. WIND FLOW COMPARISON 

Figure 9 shows a comparison of the wind flow of the calculations of the base case and the case with “cool 

roofs“ at 10:45 of the second day at 2 metres height. These contour plots are nearly identical, showing that 

“cool roofs” have no severe influence on the wind velocity on a larger scale. The average wind velocity in both 

cases is the same: 4.2 m/s.  

 

 
 

 

 

FIGURE 19A AND B: VELOCITY CONTOUR PLOTS AT Z = 2.0 M OF THE BASE CASE (A) AND WITH “COOL ROOFS” (B) 
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5.3.3.2. TEMPERATURE COMPARISON 

Figure 201120 shows the wall temperatures of the “cool roofs” calculations and the base case at 10:45 of the 

second day. This figure clearly shows the influence of the “cool roofs” on the roof temperature, which drops by 

6-8°C. The differences in the ground surface temperatures are negligible.  

When we look at the air temperatures at the same time, shown in Figure 21, we see that the temperature 

contour plots have the same pattern across the park and surroundings. The average temperature with “cool 

roofs” is 0.6°C lower compared to the base case.  

 

 
 

 

 

FIGURE 2011A AND B: TEMPERATURE CONTOUR PLOTS OF THE SURFACE TEMPERATURES OF THE BASE CASE (A)  

AND THE “COOL ROOFS” (B) 
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FIGURE 21A AND B: AIR TEMPERATURES CONTOUR PLOTS AT 2 M HEIGHT OF THE BASE CASE (A) AND THE “COOL ROOFS” (B) 
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5.3.4. EVALUATION OF THE IMPACT OF ADAPTATION MEASURES ON THE UHI OF ANTWERP 
The last two paragraphs compare the results between the three different simulations; the base case, case with 

vegetation and case with “cool roofs”. When the results of these simulations on the grid are set out against the 

measurement results of VITO at the bio farm in Vremde the Graph  can be made. To calculate the correct 

result the time-shift of 1 hour is taken into account, as explained in paragraph 5.2.4. 

In Graph 2 the average UHI of the base case is 0.9°C, with a minimum of -0.3°C and a maximum of 2.3°C. For 

the simulation with vegetation the average is a bit lower 0.7°C, with a minimum UHI of -1.8°C and a maximum 

of 2.0°C. The simulations with the “cool roofs” have the same average temperature (0.7°C), however the 

extreme values (-1.6°C / 2.0°C) are less pronounced.  The differences between the vegetation and “cool roofs” 

are the largest when the solar radiation is at its maximum. This can be explained due to the cooling power of 

trees. Due to the link between the cooling power of the trees and the radiation, the cooling potential increases 

with more solar radiation, cooling the air temperatures locally, “cool roofs” only reflect more heat from the 

rooftops. The measurement points are located in and at the leeward side of the park, where no rooftops are 

present.  

The results of case with vegetation are similar compared to the studies of Upmanis et al. (1998), Gromke et al. 

(2015) when looking at the air temperatures during day time. They found a temperature reduction of 0.5-1.6°C 

with the use of trees. Like in this study, Smith and Oke (1996) state that the maximum temperature difference 

with trees are found during daytime. However, Upmanis et al. (1998) find the maximum differences at sunset, 

and investigated studies reports higher air temperatures at night time.  

Susca et al. (2011) and Taha et al. (1988) gives lower surface temperatures of white roofs compared to black 

roofs of 10°C which is close to the results of this study with 6-7°C. Taha et al. (1988) gives a maximum 

temperature difference of 4°C during day time. This difference is higher compared to the 2°C in this study. This 

can be explained with the fact that Sacramento which is in a hotter climate than Antwerp. During night time, 

Taha et al. (1988) reports the same ambient air temperatures with different roof albedo values, while in this 

study higher temperatures are found during night time.  

 

GRAPH 12: URBAN HEAT ISLAND INTENSITY OF ANTWERP 
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6. DISCUSSION 
In computational research the reality is simulated with a combination of different models. Each model makes 

simplifications and certain assumptions of the reality. In this chapter these aspects are described and the 

relevance to the results is discussed. Also, some recommendations for further research are made. 

This chapter is divided in four chapters: 

- Urban geometry;  

- Wind flow model; 

- Vegetation model; 

- Thermal boundary conditions. 

6.1. URBAN GEOMETRY 

The part of Antwerp used in this study is based on drawing from VITO, a Flemish research platform. This 

drawing is used to generate the urban geometry model. In this model some simplifications are made. First, all 

the street objects are removed. This includes street poles, sideways and cars. These obstacles can affect the 

wind flow on a local scale, but would not significantly change the outcome on the larger flow this study is 

interested in. The same holds for the simplifications on the buildings. Close to the VITO measurement point all 

objects smaller than 1 meter are removed and are modelled as a flat wall. The buildings at the edge of the 

domain are modelled very roughly. The height of the buildings are averaged and treated as flat roofs. This 

change might affect the wind flow on a local scale, but would not significantly change the larger scale wind 

flow.  

6.2. WIND FLOW MODEL 

In this study, unsteady RANS equations are employed to reduce the demand for computational resources. A 

case calculated with Large Eddy Simulation (LES) could help to prove the accuracy of the results in this report.  

Most CFD simulations considering urban areas are performed for cloudy and windy conditions. In this weather, 

the thermal effects are negligible and the ABL heights will be around 1000m. However in this study the case is 

simulated for sunny and warm conditions with lower wind speeds. Even though the changing ABL has an 

influence on the results, they were considered as negligible and not taken into account.  

6.3. VEGETATION MODEL 

For the vegetation model some details have to be discussed. For the full cooling power of the vegetation the 

plants must be irrigated. The cooling power of plants is mostly depending on evapotranspiration. Therefore 

when the plants are dried out, no evapotranspiration can occur, so no cooling will be provided.  

The cooling power of the vegetation is caused by the difference in humidity in the air. But since humidity isn’t 

explicitly modelled in this study, the cooling power is set as a constant source term depending on the solar 

radiation. For further research it would be interesting to add the humidity in the model and observe its 

influence on the results. 

In this research shadows caused by vegetation were not taken into account. Instead the shading is modelled as 

a lowered absorption value under the vegetation, Armson et al. (2012). 

  



   F I N A L  · R E P O R T   

 

58 · P A G E  
 

6.4. THERMAL BOUNDARY CONDITIONS 

In this study a large part of Antwerp is simulated. Because of this relatively large urban area, the input of the 

thermal boundaries of all the buildings is the same. The walls are treated as insulated brick walls with the same 

thickness and same indoor temperature, while some buildings can have different materiality. Since the 

thermal condition is not known for each building separately, the standard conditions are used as an 

approximation for all the buildings. The same holds for the ground plane. In this study the ground plane is 

treated like earth with a constant temperature at a depth of 10 m with the surface characteristics of light grey 

concrete. However, in reality there is black asphalt, green grass and all kinds of coloured pavements. For a 

more realistic scenario these boundary conditions should all be modelled accordingly, but considering the 

scale of the study, this would require much longer computational and modelling time.  

Two other heat sources are omitted: The first is anthropogenic heat, like cars exhausts and other machinery. 

This is excluded because there are no examples in modelling anthropogenic heat. The second omitted heat 

source (or sink), is the effect due to evapotranspiration.  

6.5. RECOMMENDATIONS FOR FURTHER RESEARCH 

Considering the discussion point stated in the last paragraphs, some recommendations can be made for 

further research. 

- Model a smaller urban environment with more detailed wall type boundary specification; 

 

- Including an evapotranspiration model; 

 

- The vegetation model should be expanded by using the cooling potential from the relative humidity 

of the air, blocking solar radiation from the sun and some alterations could be made for grasses and 

bushes; 

 

- Perform a Large Eddy Simulation (LES) to compare the accuracy of the results; 

 

- Add other heat sources, like anthropogenic heat sources; 

 

- Compare the effect of vegetation zones in different city structures; 

 

- See what the impact of adaptive measures is on the human comfort, for instance with the PET-index 

(Physiological Equivalent Temperature index), instead of the air temperatures.  
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7. CONCLUSIONS 
In this study Computational Fluid Dynamics (CFD) simulations are performed to determine the impact of 

climate change adaptation measures for the Urban Heat Island (UHI) effect in Antwerp. With rapidly expanding 

cities, research on adaptation measures at the urban scale will gain importance. CFD has proven to be a useful 

tool with accurate results which can be used to assess the large scale impact studies on the urban 

microclimate.  

In this study three different simulations have been made for two consecutive days of an area of Antwerp near 

the Stadspark. The simulations include wind flow, solar radiation, heat transfer and a model to simulate 

vegetation. The first case, without any adaptation measures, was used as a base case. In this case the air 

temperatures were validated using measurement data from the Flemish Institute for Technological Research, 

VITO. In the other two cases an adaptation measure was added to investigate the impact on the UHI. First the 

impact of vegetation in a park on the surroundings was investigated. Finally the impact of “cool roofs” was 

examined.  

Based on this study the following conclusion can be made: 

- Vegetation zones have an impact on the temperature and wind flow of that area, but that impact is 

limited to the vegetation zone. The temperatures inside the park investigated can decrease by 2.0°C 

measured at 1.5 m height at daytime. At night the temperatures reduce less quickly compared to the 

models without vegetation, probably due to the reduced wind speed and the alternated wind flow 

pattern; 

 

- The effect of vegetation on the wake of the investigated part of the urban area cannot be precisely 

determined from the simulations because of the limited size of the computational domain. According 

to current study, the influenced area by the vegetation downwind from the park is at least 250-300 m;  

 

- “Cool roofs” can decrease the roof temperatures by 6.0°C to 8.0°C at daytime. At night time, the 

difference is negligible compared to normal roofs. The temperature reduction of “cool roofs” does not 

have any significant influence on the wind flow, nor at the temperatures at pedestrian height. 
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APPENDIX A: FULL VIEW OF THE MESH 
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APPENDIX B: WIND VELOCITY CONTOUR PLOTS 

  



Wind velocity contours on 25-july at 14:45 AM 
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Wind velocity contours on 25-july at 22:15 AM 
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Wind velocity contours on 26-july at 10:45 AM 
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APPENDIX C: WALL TEMPERATURE CONTOUR PLOTS 
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APPENDIX D: AIR TEMPERATURE CONTOUR PLOTS 
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Z=5 Base case Case with “cool roofs” Case with vegetation 
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APPENDIX E: RESULTS AT THE VITO MEASUREMENT POINT 

  



 Air Temperatures 

at VITO 

Base case Case with “cool roofs” Case with vegetation 

Hour  Air temperatures at 

VITO 

ΔT with VITO Air temperatures at 

VITO 

ΔT with VITO Air temperatures at 

VITO 

ΔT with VITO 

1:00 21.2 20.5 -0.7 20.5 -0.7 20.5 -0.7 

2:00 19.4 20.3 1.0 19.3 -0.1 19.3 -0.1 

3:00 18.8 19.5 0.8 18.2 -0.5 18.2 -0.6 

4:00 18.4 19.2 0.8 18.1 -0.3 17.8 -0.5 

5:00 18.1 18.8 0.6 17.9 -0.2 17.6 -0.5 

6:00 17.7 18.5 0.8 17.8 0.1 17.4 -0.3 

7:00 16.0 18.0 1.9 16.7 0.7 15.8 -0.3 

8:00 15.6 16.9 1.3 16.1 0.5 15.9 0.3 

9:00 15.5 16.4 0.9 15.9 0.4 15.9 0.4 

10:00 15.7 16.2 0.5 15.8 0.1 15.9 0.2 

11:00 16.1 16.1 0.0 16.0 -0.1 15.8 -0.3 

12:00 16.6 16.2 -0.4 16.5 -0.1 15.9 -0.7 

13:00 17.4 16.7 -0.8 17.4 0.0 16.5 -0.9 

14:00 17.9 17.5 -0.4 18.3 0.4 17.7 -0.2 

15:00 18.6 18.1 -0.5 18.9 0.3 18.2 -0.4 

16:00 18.3 18.6 0.3 18.9 0.6 19.0 0.7 

17:00 17.4 18.7 1.3 18.7 1.3 18.7 1.3 

18:00 16.9 18.5 1.6 18.4 1.5 18.3 1.4 

19:00 16.9 18.2 1.3 18.0 1.1 17.8 0.9 

20:00 17.0 18.0 1.0 17.8 0.8 18.0 1.0 

21:00 17.1 17.8 0.7 17.5 0.4 17.7 0.6 

22:00 17.0 17.5 0.5 17.2 0.2 17.5 0.5 

23:00 16.9 17.2 0.4 17.0 0.1 17.2 0.4 

0:00 16.6 17.2 0.6 17.0 0.4 17.2 0.7 

        



 Air Temperatures 

at VITO 

Base case Case with “cool roofs” Case with vegetation 

Hour  Air temperatures at 

VITO 

ΔT with VITO Air temperatures at 

VITO 

ΔT with VITO Air temperatures at 

VITO 

ΔT with VITO 

1:00 16.2 17.0 0.9 16.8 0.6 17.0   0.9 

2:00 15.9 16.7 0.8 16.5 0.7 16.8 0.9 

3:00 15.6 16.4 0.9 16.2 0.7 16.5 1.0 

4:00 15.2 16.1 0.9 15.9 0.7 16.2 1.0 

5:00 14.9 15.9 0.9 15.6 0.7 15.9 1.0 

6:00 15.0 15.6 0.6 15.3 0.3 15.6 0.7 

7:00 15.3 15.4 0.1 15.1 -0.2 15.5 0.2 

8:00 15.9 15.2 -0.6 15.1 -0.8 15.4 -0.5 

9:00 16.8 15.5 -1.4 15.8 -1.0 15.7 -1.1 

10:00 17.9 16.3 -1.6 17.2 -0.7 16.5 -1.4 

11:00 18.6 17.0 -1.6 18.3 -0.3 17.1 -1.5 

12:00 19.4 18.5 -0.9 18.9 -0.5 18.0 -1.4 

13:00 18.7 19.5 0.8 19.4 0.8 18.7 0.0 

14:00 17.9 19.1 1.2 19.0 1.1 19.2 1.3 

15:00 16.7 18.4 1.6 18.3 1.5 19.1 2.3 

16:00 15.7 17.3 1.5 17.2 1.5 18.3 2.5 

17:00 16.3 16.5 0.2 16.5 0.2 16.7 0.4 

18:00 16.3 16.5 0.2 16.5 0.2 16.7 0.4 

19:00 16.0 16.5 0.5 16.5 0.5 16.7 0.7 

20:00 16.3 16.5 0.2 16.5 0.2 16.7 0.4 

21:00 16.1 16.5 0.4 16.5 0.4 16.7 0.6 

22:00 15.3 16.2 0.9 16.2 0.9 16.1 0.8 

23:00 14.7 15.4 0.7 15.4 0.8 16.0 1.3 

0:00 14.2 14.4 0.2 14.5 0.2 15.9 1.7 

Average: 16.8 17.3 0.4 17.2 0.3 17.1 0.3 
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APPENDIX F: RESULTS OF THE SAMPLING POINTS GRID  

 

 

 



 Air 

Temperatures 

at Vremde 

Base case Case with “cool roofs” Case with vegetation 

Hour  Air temperatures of 

the measurement grid 

UHI Air temperatures of 

the measurement grid 

UHI ∆T Base case - 

"Cool roofs" 

Air temperatures of 

the measurement grid 

UHI ∆T Base case - 

Vegetation 

1:00 20.5 20.5 0.0 20.5 0.0 0.0    

2:00 18.7 20.3 1.7 19.4 0.8 0.9    

3:00 17.7 19.4 1.7 18.2 0.5 1.2    

4:00 17.6 18.8 1.2 18.1 0.5 0.7    

5:00 17.2 18.5 1.2 18.0 0.7 0.5    

6:00 16.8 18.3 1.5 17.9 1.1 0.4    

7:00 15.2 18.0 2.7 17.6 2.4 0.4    

8:00 15.4 17.3 1.9 16.9 1.5 0.5    

9:00 15.2 17.0 1.8 16.4 1.3 0.5    

10:00 15.5 16.8 1.3 16.2 0.7 0.6    

11:00 16.2 16.8 0.6 16.2 0.0 0.6    

12:00 17.1 16.9 -0.2 16.4 -0.6 0.5    

13:00 17.7 17.1 -0.6 17.1 -0.6 0.0 16.5 -1.3 0.7 

14:00 18.3 17.6 -0.7 17.9 -0.4 -0.3 16.9 -1.4 0.7 

15:00 18.3 18.2 0.0 18.7 0.4 -0.5 17.7 -0.6 0.6 

16:00 17.8 19.1 1.3 19.1 1.2 0.1 18.4 0.6 0.7 

17:00 17.4 19.3 1.9 19.1 1.7 0.2 18.8 1.4 0.5 

18:00 17.0 19.0 2.1 18.9 2.0 0.1 18.8 1.8 0.3 

19:00 16.6 18.5 1.9 18.6 2.0 -0.1 18.6 2.0 -0.1 

20:00 16.5 17.9 1.4 18.3 1.7 -0.3 18.4 1.8 -0.5 

21:00 16.6 17.5 1.0 17.9 1.4 -0.4 18.1 1.6 -0.6 

22:00 16.4 17.2 0.8 17.6 1.2 -0.4 17.9 1.5 -0.6 

23:00 16.3 17.0 0.7 17.4 1.1 -0.3 17.6 1.3 -0.6 

0:00 15.6 16.7 1.1 17.1 1.5 -0.3 17.3 1.7 -0.6 

 



 Air 

Temperatures 

at Vremde 

Base case Case with “cool roofs” Case with vegetation 

Hour  Air temperatures of 

the measurement grid 

UHI Air temperatures of 

the measurement grid 

UHI ∆T Base case - 

"Cool roofs" 

Air temperatures of 

the measurement grid 

UHI ∆T Base case - 

Vegetation 

1:00 15.5 16.4 1.0 16.9 1.4 -0.4 17.1 1.7 -0.7 

2:00 15.4 16.2 0.7 16.6 1.1 -0.4 16.9 1.4 -0.7 

3:00 15.2 15.9 0.7 16.3 1.0 -0.4 16.6 1.4 -0.7 

4:00 14.6 15.6 1.1 16.0 1.5 -0.4 16.3 1.8 -0.7 

5:00 14.7 15.3 0.6 15.8 1.1 -0.5 16.1 1.4 -0.8 

6:00 14.5 15.2 0.7 15.6 1.1 -0.4 15.9 1.4 -0.7 

7:00 14.8 15.2 0.4 15.4 0.6 -0.2 15.7 0.9 -0.5 

8:00 15.9 15.5 -0.4 15.2 -0.6 0.3 15.6 -0.3 -0.1 

9:00 16.9 16.5 -0.4 15.6 -1.3 1.0 15.6 -1.3 0.9 

10:00 17.8 17.5 -0.3 16.7 -1.1 0.8 15.9 -1.9 1.6 

11:00 18.4 18.6 0.2 18.0 -0.4 0.6 16.6 -1.9 2.0 

12:00 19.1 19.3 0.2 18.8 -0.3 0.5 17.3 -1.9 2.1 

13:00 18.5 19.9 1.4 19.4 0.9 0.5 18.0 -0.5 1.8 

14:00 17.7 19.9 2.1 19.4 1.7 0.4 18.7 1.0 1.2 

15:00 16.7 19.3 2.6 18.8 2.1 0.4 18.9 2.1 0.4 

16:00 15.5 18.3 2.8 17.9 2.3 0.5 18.0 2.5 0.3 

17:00 16.3 17.4 1.1 16.9 0.6 0.5 17.1 0.8 0.3 

18:00 16.2 17.0 0.8 16.6 0.4 0.4 16.7 0.6 0.3 

19:00 15.9 16.8 1.0 16.5 0.6 0.3 16.6 0.7 0.2 

20:00 16.2 16.7 0.5 16.5 0.3 0.2 16.6 0.4 0.1 

21:00 16.2 16.5 0.3 16.4 0.2 0.1 16.5 0.3 0.1 

22:00 14.8 16.2 1.5 16.1 1.4 0.1 16.5 1.7 -0.3 

23:00 13.9 15.5 1.6 15.4 1.5 0.1 16.3 2.4 -0.8 

0:00 13.5 14.6 1.1 14.5 1.0 0.1 15.9 2.4 -1.3 

Average: 16.5 17.5 1.0 17.3 0.8 0.2 17.1 0.8 0.1 


