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Abstract 

Accurate urban climate modelling is challenging given its 

geometrical and physical interaction complexity, although 

such modelling is paramount in the discovery of 

sustainable solutions. Cities will undergo significant 

changes in local climate as the urban heat island effects 

will be compounded by climate change. Towards 

equipping stakeholders with tools and solutions to face 

these changes, we have developed an urban climate 

modelling suite that can capture most local urban physics. 

We demonstrate the capacity of this computational 

framework to consider different mitigation solutions and 

their impacts on local urban environments undergoing a 

heat wave. We show how urban solutions deal with an 

intricate system of heat and mass exchanges, where true 

contributions require careful assessment of the urban 

climate.  

Key Innovations 

• Integration of all physics for the simulation of the 

local urban environment. 

• Modelling suite developed within one open 

source CFD solver.  

• Direct access to potential of mitigation solutions 

in terms of environment parameters and thermal 

comfort index. 

Practical Implications 

Local urban climate can be adequately simulated and 

complete information on the exterior environment of 

buildings is provided for hygrothermal and building 

energy assessment. Implications for spatial planning and 

building design can be drawn out of the results with an aim 

to improve thermal comfort during heat waves.  

Introduction 

Buildings in an urban setting are exposed to conditions that 

are markedly different from stand-alone buildings and 

buildings in rural areas. The presence of adjacent buildings 

affects wind patterns, exposure to wind-driven rain, solar 

radiation and shading, and more. Further, the urban heat 

island effect, where urban environments are warmer, 

mainly at night, than rural ones, is compounded by climate 

change and has led to untenable living situations in cities 

undergoing a heat wave (e.g. 50 deaths in Montreal 2018 

in a 6-day heat wave (Santé Montréal 2019)).  

We expanded a validated wind and wind-driven rain model 

(Derome et al. 2017, Kubilay et al. 2013, 2014ab, 2015ab, 

2017ab) obtaining an urban climate modelling suite that 

can capture most local urban physics, such as solar and 

thermal radiation, heat and mass transport in the materials 

lining the urban environment and in vegetation, including 

evapo-transpiration and opening of stomata (Kubilay et al. 

2018). The modelling suite is implemented in the open 

source CFD solver OpenFOAMv6 and is fully operational. 

The suite takes care of the couplings between various 

validated sub-models. The validation of such coupling is 

complex and could use, for example, large datasets of 

careful urban measurement campaigns. We note that the 

components of this modelling strategy have been validated 

against field and wind tunnel experimental data. For 

example, Kubilay et al. (2014b, 2015b) present detailed 

comparison of the wind flow and wind-driven rain 

deposition modelling data with results from extensive field 

measurement campaigns, on two building configurations. 

Wind flow and air temperature by CFD were compared 

with wind tunnel experiments. The heat and mass transport 

modelling approach has been validated several times with 

comparison with experimental data, a recent example 

being (Zhou et al 2020c) for liquid uptake in masonry, 

compared with neutron radiography.  

 

 

Figure 1: Schematic representation of couplings in local 

urban climate model (adapted from Kubilay et al. (2018) 

with permission). 

 

This framework allows to study the local climate in 

neighbourhoods, under varying weather conditions, and to 

determine the thermal comfort of pedestrians using 

thermal comfort indices like the Universal Thermal 

Comfort Index (UTCI) (Kubilay et al 2019b). Finally, 
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given that urban conditions are different from what is 

normally available as weather files, this modelling 

framework can also be used to assess which climatic loads 

to be used for long-term prediction of the building 

envelope hygrothermal performance (Carmeliet et al. 

2011, Kubilay et al. 2019a, Zhou et al. 2016, 2020). 

Here we present the capacity of the modelling suite to 

properly ascertain different mitigation solutions and 

evaluate their impacts on local urban environments 

undergoing a heat wave. 

Methodology 

This recently developed computational framework (shown 

in Figure 1) is used tostudyi the urban climate in its 

complex geometry and physical interactions, leading to 

new insights that can support the design of heat wave 

mitigation solutions. We present three avenues of 

investigation: the impact of vegetation to quantify the 

shadowing and evapo-transpiration, the impacts of 

building orientation and pavement configuration on 

evaporative cooling using wetted pavement surfaces. 

In a first case study, we analyse the local climate in 

Münsterhof, a historic public square in the city of Zurich, 

Switzerland studied during heat wave of June 2019. In 

terms of computational domain, the CFD domain is 

meshed in three zones around the square considering: a 

first zone further away from the square where buildings are 

represented by a roughness, an intermediate zone where 

the computational grid is coarse and buildings show a 

simplified geometry, and third zone close to the square 

including the square itself where the computational grid is 

fine capturing building shapes in detail. The surface 

temperatures in zones 1 and 2 are obtained from COSMO-

DCEP simulation results. While wind flow is simulated 

over the whole computational domain,  heat and moisture 

transport is modelled specifically for the  pavement of the 

square and all the facades facing the square using a three-

dimensional grid extruded from the surrounding air grid. 

The pavement of the square is a 30 cm thick concrete layer, 

with underneath 1.7 meter thick soil layer. The facades 

consist in a 10 cm thick clay brick layer and an inner layer 

with thermal resistance 2.5 m2K/W. The indoor 

environment is assumed to be at 20°C. As mitigation 

measure, we add nine trees with a leaf area density of 4 and 

2 m2/m3 for taller and shorter trees respectively. Trees are 

modelled as porous media, with sink/source terms for 

momentum, heat and moisture allowing to take into 

account wind sheltering and transpirative cooling.  

The second geometry considered is an isolated street 

canyon, situated within an otherwise empty computational 

domain. Wind direction is perpendicular to the street 

canyon leading to less ventilation within the canyon. Two 

orientations of street canyon are considered, North-South, 

and West-East leading to different solar irradiation 

intensities over the day. The pavement contains two layers, 

with a finer porous layer on top and a coarse porous layer 

beneath. The top layer is wetted for two hours with an 

intensity of 2 mm/hour from 8 to 10 am. The top layer 

favors capillary pumping to the top surface enhancing 

evaporative cooling during the first drying phase, while the 

second layer acts as a capillary break limiting water loss to 

the subsoil. We refer to our publications for information on 

material moisture retention and transport properties 

(Kubilay et al. 2019a; Ferrari et al. 2020). In a parametric 

study, different thicknesses of the two layers are 

considered, keeping the total thickness constant at 15 cm. 

Results 

Impact of vegetation 

Vegetation plays a fundamental role in regulating urban 

environments. The incorporation of vegetation, such as 

trees and shrubs, is performed using porous zones. Using a 

multiscale approach, the heat and moisture balance at 

leaves level is modelled, taking into account evaporative 

cooling as well as opening and closing of stomata. With 

this model, the effects of evapotranspiration, shading and 

wind sheltering of vegetation on urban climate can be 

evaluated. 

 

 
Figure 2: CFD computational domain highlighting 

components: above, pavement and soil; middle, façades 

with constant indoor temperature; bottom, trees. 
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Figure 3: Representation of the two street-canyon 

orientations: left, north-south, right west-east. 

In this paper, we present examples of the effects of the 

trees and an in-depth assessment of the impact of trees on 

local climate and comfort. In Figure 4, we compare the 

ground surface temperature at 14:00 in the Münsterhof for 

reference and case with trees. Due to shadowing by  trees, 

less solar radiation is absorbed resulting in lower surface 

temperatures for the case with trees. Surface temperatures 

above 50C reduce in the case with trees to around 30C.  

As a consequence of the lower ground surface temperature, 

the air temperature decreases in a zone around the trees. 

Figure 5 shows the zone under and around the trees where 

the air temperature decreases by more than 4C due to 

presence of trees. Figure 6 shows that the air temperature 

(Fig. 6a) and mean radiant temperature (Fig. 6d) decrease 

during the day when adding trees, improving thermal 

comfort. During the night, the mean radiant temperature 

for case with trees is higher compared to the no-tree case 

due to radiant heat capture. Fig. 6b and 6c show that trees 

decrease wind speed and increase relative humidity 

lowering thermal comfort.  

Figure 7 shows the UTCI index at 2.0m height over the 

square for the case without and with trees at UTC 14:00. 

During daytime, the case with trees undergoes, without 

surprise, a significant improvement in thermal comfort 

(lower UTCI), while the UTCI values are higher during 

night time as a result of the reduced sky view factor. The 

peak heat stress based on the UTCI values occurs around 

14:00 UTC. In the case without trees, a large part of the 

square suffers strong and very strong heat stress based 

UTCI > 37°C, following classifications given in Bröde et 

al. 2012. Adding trees improves the thermal comfort 

considerably showing moderate heat stress or a lower 

range of strong heat stress.  

 

 

Figure 4: Ground surface temperature at 14:00 for 

above, the base line case and, below, for the case with 

trees. 

 

Figure 5: Illustration of the reduction of air temperature 

within the urban square using a spatial plotting (UTC 

14:00) 
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Figure 6: Output from simulation results that are used to 

assess thermal comfort for the base line and tree cases  

Figure 7: Thermal comfort using the UTCI index at 2.0m 

height over the area of the square for the base line and 

trees cases (UTC 14:00). 

 

Impact of wetted pavement 

Porous materials are usually lining the urban environment, 

e.g. as envelope cladding or pavement. Different porous 

pavement solutions to optimize evaporative cooling are 

retained in a parametric study, actuallyvarying the 

composition and properties of pavements (single and 

multilayer, hygrothermal transport properties). We look 

also at different scenarios for the artificial wetting of 

porous pavements and the optimization of wetting (time, 

amount and duration of wetting) events.   

We analyse here the effect of thickness layer of top and 

bottom pavement layers. Figure 8, at end of the paper, 

gives the average ground surface temperature, the average 

surface RH and difference in surface temperature for the 

wet minus dry cases. The cases of only fine or coarse layer 

are found to show the less effective cooling effect during 

shorter time. The cooling effect improves over longer time 

when approaching the cases of 7.5 and 5 cm thickness of 

the fine porous top layer. For these cases, the maximal 

surface cooling is around 20C. In Figure 9 we show the 

moisture content and relative humidity profiles over the 

height of the pavement, at one-hour interval, for a 

pavement composed of fine pores for the first 7.5 cm and 

then coarse pores for the bottom half of 7.5 cm. The top 

layer shows a long first drying phase with higher moisture 

contents (> 15 kg/m3) and a surface RH of 100 %. The 

water loss to the bottom layer is found to be minimal 

showing an efficient capillary break of the pavement base 

layer. 

 

Figure 9: Moisture content and relative humidity profiles 

over the height of the pavement, at one-hour interval, for a 

pavement composed of fine pores for the first 7.5 cm and 

then coarse pores for the bottom half of 7.5 cm, soil is not 

included in the graph. 

 

Impact of street canyon orientation 

The geometry of the urban environments, i.e. different 

street canyons, different orientations of street canyons and 

squares, yields different wind patterns, solar radiation 

loads, rain deposition, etc. which combine in different 

urban climate profiles. We study here the effect of street 

canyon orientation. In Figures 10 and 11, the surface 

temperature and relative humidity in the centre of the street 

canyon with north-south and east-west orientations over 

three days are shown. The pavement is wetted from 8:00 

to 10:00 with different spraying intensities. The street 

canyon with east-west orientation receives more total 

radiation over a whole day compared to a street canyon 

with north-south orientation leading to slightly less 

evaporative cooling for east-west orientation case. 

However, for a spraying intensity of 3.5 mm/h, the 

differences are found to be minimal. 
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Figure 10: Surface temperature and relative humidity in 

center of street canyon with north-south orientation over 

three days of simulation, with wetting indicated with blue 

vertical stripe. 

 

Figure 11: Temperature and relative humidity in centre 

of street canyon with east-west orientation over three 

days of simulation, with of wetting indicated with blue 

vertical stripe. 

Knowledge transfer 

Results from these simulations can help authorities and 

urban planning consultants to devise and implement 

suitable measures to reduce heat load in complex urban 

environments. We already used conclusions based on the 

simulations to successfully advise stakeholders in spatial 

planning processes.  

The understanding of the local climate and the 

understanding of the impact of interventions can help to 

guide/inform the decision process of stakeholder and can 

find its expression in legal frameworks. As an example, 

Figure 12 shows an analysis of topography (below), land 

use (climatopes, above) and possible cold air streams and 

cold air production areas based on a qualitative approach 

using areal images and maps (no simulations) (Rubin 

2020). 

 

         (©Andreas Rubin 2015) 

Figure 12: Analysis of topography (below), land use 

(climatopes, above) and possible cold air streams and cold 

air production areas based on qualitative approach using 

areal images and maps (no simulations): brown line 

watershed, blue lines- cold air corridor (Rubin 2020) 

(Background map: SwissMapVector 10/SwissALTI3D/ 

SwissBOUNDARIES3D ©swisstopo). 

 

Conclusion 

The approach presented in this paper is appropriate for a 

neighbourhood-scale urban climate analysis and provides 

capacities to assess the potential of mitigation solutions for 

heat waves, comprising permanent, seasonal or upon 

demand solutions. 

The recently developed simulation framework has the 

capacity and potential to study the complex interactions in 

urban local environments. To our knowledge, the proposed 

open-source modelling suite with complete and explicit 

capacity to taken into account the main physics of the local 

climate comes with novel capabilities. We present here 

different mitigation solutions for urban heat island effect 

and heat waves, assessed in terms of pedestrian thermal 

comfort for realistic situations. Vegetation, namely trees, 

evaporative cooling pavements and neighbourhood 

morphologies are shown here to illustrate this potential. 

Trees act both as shading devices and evapotranspiration 

sources of cooling. Pavements can be designed to provide 

cooling through evaporation in a timely manner, while the 

orientation of the street is shown to have a sizeable impact 

on distribution of the effects of pavement evaporation 

cooling. 

This framework can eventually be part of design 

methodologies for conceiving buildings and urban 

environments that will be able to mitigate the effects of 

urban heat islands, which should be compounded by 

climate change. 
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Figure 8: Two-layer porous pavement over soil for different pavement composition where 15.0-0.0 indicates pavement 

fully composed of fine pores, and 0.0-15.0 indicates pavement fully composed of coarse pores and the remainders are in-

between compositions, Wetting: 2 mm/h x 2 h. 

. 
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