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Highlights 

 Evaporative-cooling potential of pavements and resulting thermal comfort are analyzed.

 Cooling potential depends on moisture permeability, moisture capacity and thermal diffusivity.

 An increase in wetting amount extends the duration of evaporative cooling.

 Increasing wetting has no impact on maximum reduction in surface temperature.

 By controlling wetting period, cooling potential can be increased by about 20%.

Abstract 

The choice of urban materials strongly influences the outdoor thermal comfort through their role in the 

absorption, transport and storage of heat and moisture. The present study investigates the level of 

evaporative cooling reached after rain events of varying intensities using urban materials with distinct 

thermal and moisture transport properties. Further, the resulting impact on thermal comfort is studied. 

The local climate in a street canyon is modeled using a fully-integrated model that couples 

computational fluid dynamics (CFD) simulations of wind flow with the three-dimensional heat and 

moisture transport (HAM) in porous urban materials. Wetting due to rain deposition on each surface is 

calculated using an Eulerian multiphase wind-driven rain model. The results show that an increase in 

the rainfall intensity extends the effective duration of evaporative cooling, but does not change the 
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reduction in maximum surface temperatures. The improvement in the thermal comfort in the street 

canyon depends on a combination of factors such as moisture permeability, moisture capacity and 

thermal diffusivity of materials. 

Keywords: Urban microclimate, Evaporative cooling, Cooling potential, Thermal comfort, 

Computational fluid dynamics (CFD), Porous media, Heat and moisture transport, Solar radiation, 

Wind-driven rain, Wetting 

 

1. Introduction 

Urban areas, compared to rural areas, generally have increased sensible heat storage and radiation 

entrapment while having a decreased amount of evapotranspiration. These characteristics play a 

significant role in the urban heat island (UHI) effect, which has an adverse impact on thermal comfort, 

energy use and public health (Moonen et al., 2012). Common mitigation measures for UHI include but 

are not limited to the use of high albedo materials, evaporative cooling, vegetation, ventilation 

corridors and shading devices. Numerical simulations allow for detailed parametric studies on the 

aforementioned mitigation approaches, which can be assessed at varying scales, e.g. mesoscale 

(< 200 km), microscale (< 2 km), local scale (< 100 m). 

The complex interaction of physical phenomena within the built environment includes daily 

variations of heat and moisture fluxes at building surfaces, storage of heat and moisture and removal 

due to convection, buoyancy and long-wave radiation. There are various approaches to numerically 

model these physical phenomena. Urban canopy models (UCM) typically parameterize the impact of a 

representative urban geometry, e.g. street canyon, without resolving the local flow field (Masson, 2000; 

Martilli et al., 2002; Kanda et al., 2005). Recent studies based on UCMs propose improvements on 

radiation (Schubert et al., 2012) and vegetation models (Lemonsu et al., 2012). UCMs are based on 

momentum, mass and energy conservation laws within a control volume or at a surface (Oke, 1982). 
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While they are commonly used for studies on heat islands at microscale or larger scales, their main 

disadvantages are the absence of a resolved local velocity field and the fact that the wind flow is 

decoupled from the local temperature field (Mirzaei and Haghighat, 2010). Such models relate the 

convective transfer coefficients to a reference wind speed based on empirical correlations or drag 

coefficients. However, at local scale, the air transport is also significantly influenced by air-surface 

temperature differences as buoyancy can alter the flow regime (Allegrini et al., 2013). On the contrary, 

computational fluid dynamics (CFD) models resolve and couple the local wind flow and temperature 

fields around buildings. This modeling approach, in turn, requires a higher spatial resolution and 

generally results in high computational cost. Nevertheless, CFD simulations are increasingly used for 

urban climate applications at microscale and local scale (Toparlar et al., 2017). 

 

Recent CFD studies of urban climate assess the impact of different components such as urban 

morphology (Allegrini et al., 2015; Botham-Myint et al., 2015), water bodies (Tominaga et al., 2015), 

vegetation (Johansson et al., 2013; Hong and Lin, 2015; Manickathan et al., 2018) and of the materials 

lining the cities, also referred to as urban materials. Research on urban materials primarily focuses on 

the use of reflective materials with higher albedo or materials with varying thermal transport properties 

(Zhao et al., 2008; Haghighat and Mirzaei, 2011; Qu et al., 2012; Yaghoobian et al., 2014; Nazarian 

and Kleissl, 2015). Focusing on the impact of urban materials on air temperature and thermal comfort, 

these studies either neglect evaporative cooling at urban surfaces altogether by modeling them as 

impermeable to moisture or simplifying it with a uniform latent heat flux. However, a large part of 

urban materials are porous media, which can absorb, transport and store moisture, with pore sizes 

varying from 10-9 m to 10-2 m. Evaporation from porous urban materials is influenced by wind flow 

conditions and depends on moisture availability (Saneinejad et al., 2012). In addition, the thermal 

capacity and conductivity of urban porous materials often is a function of moisture content. The role 
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played by porous materials as a source of moisture on the local outdoor environment and thus of 

evaporative cooling has to be studied in more detail. Such study requires that coupled heat and 

moisture transport in porous media is taken into account. 

The aim of the present study is to analyze and understand the role that evaporative cooling can 

play in mitigating heat islands at local scale. Daily variations of air temperature and relative humidity 

at pedestrian level in a street canyon are studied by CFD simulations of wind flow around buildings 

coupled with heat and moisture transport (HAM) in porous urban materials. The cooling effects of 

porous urban materials with different moisture transport properties at varying wetting conditions are 

compared. Pedestrian thermal comfort, based on mean radiant temperature and local variables such as 

air temperature, relative humidity and wind speed, is used to compare the effectiveness of the different 

porous materials considered in terms of mitigating measures for local heat islands. 

The remainder of the paper is organized as follows: section 2 describes the governing equations 

solved for air and porous solid domains, the computational domains, the boundary conditions and the 

coupling approach. Section 3 describes the meteorological conditions for the case study and the 

material properties. In section 4, the results of the study are presented. Finally, sections 5 and 6 provide 

discussion and conclusion. 

 

2. Numerical model and methodology 

The coupled model consists of four submodels. In the air subdomain, the CFD model solves the 

convective heat, air and moisture transport, the radiation model solves the short-wave and long-wave 

radiative heat exchange and the wind-driven rain (WDR) model solves the distribution of surface 

wetting due to rain. In the solid subdomains, the model solves the coupled transport of heat and 

moisture (HAM) within porous urban materials. 
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2.1. Numerical modeling in air subdomain 

2.1.1. Governing equations  

The wind flow is solved using 3D steady Reynolds-averaged Navier-Stokes (RANS) with the standard 

k-ε model (Launder and Sharma, 1974). Additionally, the transport equations for heat and moisture are 

solved in the air subdomain. Heat is considered as an active scalar, where buoyancy is modeled by 

taking into account the effect of temperature on air density based on the ideal gas law and using a 

compressible formulation of the Navier-Stokes equations. Moisture is modeled as a passive scalar, 

where the transported quantity is the humidity ratio, i.e. the ratio of the mass of water vapor to the mass 

of dry air. 

The total net radiative heat flux comprises the solar (shortwave) and thermal (longwave) 

radiative fluxes. The model considers the radiation exchange between the domain surfaces and with the 

sky. Solar and thermal radiative fluxes are calculated with separate systems of linear equations based 

on a radiosity approach as follows: 

𝑞𝐿𝑊,𝑘
𝑜𝑢𝑡 = 𝜖𝑘𝜎𝑇𝑘

4 + 𝜌𝑘 ∑ 𝐹𝑘−𝑗𝑞𝐿𝑊,𝑗
𝑜𝑢𝑡𝑁

𝑗=1  (1) 

𝑞𝑆𝑊,𝑘
𝑜𝑢𝑡 = 𝑎𝑘𝐼𝑘 + 𝑎𝑘 ∑ 𝐹𝑘−𝑗𝑞𝑆𝑊,𝑗

𝑜𝑢𝑡𝑁
𝑗=1  (2) 

where qout
LW,k denotes the energy leaving the surface k due to long-wave radiation and qout

SW,k due to 

short-wave radiation, εk the emissivity of surface k, σ the Stephan-Boltzmann constant, Tk the surface 

temperature, ρk the long-wave reflectivity of surface k, ak the albedo, i.e. short-wave reflectivity, of 

surface k, Ik the incoming global solar radiation and Fk-j the view factor between surfaces k and j, i.e. 

the fraction of energy leaving surface j that is incident on surface k.  

The incoming solar radiation is composed of direct and diffuse components, both of which 

depend on the time of the day and the location of the incident surface. The direct component of 

incoming solar radiation is calculated with ray tracing and takes into account the variation of incidence 

angle and the occurrence of shading over the day.  
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View factors between the building surfaces and the sky are calculated once at the beginning of 

the simulation based on the relative orientation of the surfaces (Incropera, 2006). Multiple reflections 

of both solar and thermal radiation are calculated using view factors. The sky temperature is calculated 

based on the cloud cover and the ambient temperature (Cole, 1976). Air is considered as a non-

participating medium, i.e. absorption, scattering and emission of radiation by air are neglected. All 

surfaces are assumed to be opaque to both longwave and shortwave radiation. The model further 

assumes that surfaces are grey and reflections are diffuse, i.e. properties are independent of wavelength 

(temperature) and direction. Identical values are used for the albedo of both direct and diffuse solar 

radiation.  

The distribution of WDR intensity is calculated using an Eulerian multiphase model (Huang 

and Li, 2010; Kubilay et al., 2013), where the rain phase is regarded as a continuum, as is the wind 

phase. Each raindrop-size class is treated as a different phase, with separate continuity and momentum 

equations. Rain phase calculations are one-way coupled with the air phase, neglecting the effect of 

raindrops on the wind flow. The model provides the raindrop phase fractions and velocities, which are 

then used to calculate the catch ratio,  at all the surfaces of the computational domain: 

𝜂 =
𝑅𝑤𝑑𝑟

𝑅ℎ
 (3) 

where Rwdr denotes the WDR intensity and Rh the rainfall intensity through a horizontal plane. 

 

2.1.2. Computational domain and boundary conditions 

In the air subdomain, two different configurations of a three-dimensional street canyon are considered: 

stand-alone and periodic. The street canyon is composed of two identical buildings with the dimensions 

height × length × width of 10×10×50 m3. The computational domain and grid for the stand-alone street 

canyon are shown in Fig. 1(a). The distance of buildings to the boundaries satisfies the best practice 

guidelines stated in Tominaga et al. (2008) and Franke et al. (2011). The computational grid for the air 
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subdomain is generated following a grid-sensitivity study, where a uniform surface temperature is 

applied on the street-canyon surfaces. Five structural grids with hexahedral cells are prepared with a 

constant refinement ratio between each refinement. The grid with 1 178 080 cells is selected, as further 

refinements resulted in no significant change in terms of the magnitude of wind speed inside the street 

canyon. The first cell height on the walls is 10 cm in the selected grid. The periodic configuration 

models a street canyon repeating itself in all directions in order to represent an urban environment as 

shown in Fig. 1(b). The dimensions of the street canyon and the height of the computational domain are 

identical to the ones for the stand-alone configuration. 

For the stand-alone configuration, the inlet profiles of mean wind speed U, turbulence kinetic 

energy k and turbulence dissipation rate ε are shown in Eqs. (4)-(6) assuming a neutral stratification 

(Richards and Hoxey, 1993), where U(y) denotes the horizontal wind speed at height y, u*ABL the 

atmospheric boundary layer friction velocity, y0 the aerodynamic roughness length, κ the von Karman 

constant and Cμ (= 0.09) is a model constant.  

𝑈(𝑦) =
𝑢𝐴𝐵𝐿
*

𝜅
𝑙𝑛 (

𝑦+𝑦0

𝑦0
) (4) 

𝑘(𝑦) =
𝑢𝐴𝐵𝐿
* 2

𝐶𝜇
0.5  (5) 

𝜖(𝑦) =
𝑢𝐴𝐵𝐿
* 3

𝜅(𝑦+𝑦0)
 (6) 

The aerodynamic roughness length y0 is taken as 0.03 m, representing a leveled country with low 

vegetation, e.g. grass, and isolated obstacles (Wieringa, 1992). At the inlet, uniform values for ambient 

temperature and humidity ratio are set. For wall treatment, standard wall functions by Launder and 

Sharma (1974) are used. For the ground surface, sand-grain roughness modification (Cebeci and 

Bradshaw, 1977) is considered. In order to limit the unintended horizontal inhomogeneity, the 

equivalent sand-grain roughness height, ks, is taken to be 0.03 m and the roughness constant, Cs, is set 

as 9.793. This way, the mean velocity profile at the inlet matches the parameters of the wall functions 
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with roughness modification (Blocken et al., 2007). Building surfaces are assumed smooth. A constant 

static atmospheric pressure of 100 000 Pa is used at the outlet boundary. Symmetry conditions are 

applied on both sides of the domain. For the periodic configuration, a bulk value for wind velocity is 

set which corresponds to the same flow rate as the stand-alone configuration. The pressure drop 

between the inlet and outlet is adjusted according to this bulk velocity. For temperature and humidity 

ratio, average values at the inlet are set to the respective ambient values, so that the values at the outlet 

are scaled to these ambient values as they are recycled back to the inlet. The top boundary is set to slip 

conditions for both the stand-alone and periodic conditions, which is located far enough from the 

buildings for the conditions considered in the present study. 

As the main focus of the present study is the local climate within the street canyon, all street-

canyon surfaces are coupled to porous solid subdomains, as shown in Fig. 1(c). Boundary values for 

temperature and humidity ratio at the street canyon surfaces are calculated by the HAM model, as 

described in section 2.2. The surfaces outside the street canyon are assumed to be adiabatic and 

impermeable.  

 

2.2. Numerical modeling in porous solid subdomains 

2.2.1. Governing equations 

Absorption, transport and storage of heat and moisture are simulated within the building materials 

using a coupled transport model for porous media. The present study uses the continuum modeling 

approach (Whitaker, 1977), where the different phases are not distinguished separately at a certain 

point in the material but, instead, the macroscopic behavior of the porous material is modeled.  

Moisture transport within the porous solid domains is given in Eq. (7a), where w denotes the 

moisture content and pc the capillary pressure. The derivative ∂w/∂pc represents the moisture capacity 

of the porous material. The liquid and vapor moisture fluxes, gl and gv, are defined in Eqs. (7b) and 
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(7c), where Kl denotes the liquid permeability, Kv,pc the vapor permeability for transport due to 

capillary pressure gradient and Kv,T the vapor permeability for transport due to temperature gradient. 

𝜕𝑤

𝜕𝑝𝑐

𝜕𝑝𝑐

𝜕𝑡
= −𝛻(𝑔𝑙 + 𝑔𝑣) (7a) 

𝑔𝑙 = −𝐾𝑙𝛻𝑝𝑐 (7b) 

𝑔𝑣 = −𝐾𝑣,𝑝𝑐𝛻𝑝𝑐 − 𝐾𝑣,𝑇𝛻𝑇 (7c) 

Heat transport within the porous solid domains is given in Eq. (8a), where c0 denotes the specific heat 

of dry material, ρ0 the density of dry material and cl the specific heat of liquid water. The conductive 

and advective heat fluxes, qc and qa, are defined in Eqs. (8b) and (8c), where λ denotes the thermal 

conductivity, cv the specific heat of water vapor and Lv the heat of vaporization. The advective heat 

transfer, qa, represents the heat flow due to vapor and liquid flow including latent heat transport.  

(𝑐0𝜌0 + 𝑐𝑙𝑤)
𝜕𝑇

𝜕𝑡
= −𝛻(𝑞𝑐 + 𝑞𝑎) (8a) 

𝑞𝑐 = −𝜆𝛻𝑇 (8b) 

𝑞𝑎 = (𝑐𝑙𝑇)𝑔𝑙 + (𝑐𝑣𝑇 + 𝐿𝑣)𝑔𝑣 (8c) 

A detailed description of the derivation of Eqs. (7)-(8) and the underlying assumptions can be found in 

Janssen et al. (2007) and Defraeye (2011). 

 

2.2.2. Computational domain and boundary conditions 

Three-dimensional heat and moisture transport is considered within the porous materials of the street 

canyon, i.e. the leeward facade, the street and the windward facade as shown by the computational 

domain and grid in Fig. 1(c). The leeward and windward facades of the street canyon are physically 

modeled with a 0.09m thick porous material layer. The top layer of the street-canyon ground consists of 

0.10m of pavement. Beneath this layer, soil over a depth of 1.90m serves as additional heat and 

moisture storage. The computational grids for windward and leeward walls consist of 100 000 cells (50 

in x-direction, 20 in y-direction and 100 in z-direction), refined towards the interior and exterior 
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surfaces. The computational cells are uniform in y- and z-directions. The computational grid for the 

ground domain has cell grading towards the exterior surface and at the interface between different 

materials. It consists of 240 000 cells in total (20 in x-direction, 120 in y-direction and 100 in z-

direction), refined towards the exterior surface and the interface between pavement and soil. The 

computational cells are uniform in x- and z-directions. 

Boundary conditions at the exterior surfaces of the porous solid domains are defined by the 

following heat and moisture fluxes. The moisture flux at the exterior surfaces, gext, consists of the 

convective vapor exchange, gconv, and the rain mass flux, gwdr, as shown in Eq. (9). The heat flux, qext, 

consists of the convective heat transfer, qconv, the net long-wave and short-wave radiative heat transfer, 

qLW and qSW, the sensible heat transfer due to rain, qwdr, and the latent and sensible heat transfer due to 

vapor exchange, qvap as shown in Eq. (10). 

𝑔𝑒𝑥𝑡 = 𝑔𝑐𝑜𝑛𝑣 + 𝑔𝑤𝑑𝑟 (9) 

𝑞𝑒𝑥𝑡 = 𝑞𝑐𝑜𝑛𝑣 + 𝑞𝐿𝑊 + 𝑞𝑆𝑊 + 𝑞𝑤𝑑𝑟 + 𝑞𝑣𝑎𝑝 (10) 

The convective heat and moisture fluxes are obtained from the CFD calculation. The calculation of the 

total net radiative heat flux is given in section 2.1.1. The rain mass flux, the sensible heat transfer due 

to rain, the latent and sensible heat transfer due to vapor exchange are defined as below: 

𝑔𝑤𝑑𝑟 = 𝑅𝑤𝑑𝑟𝜌𝑙 (11) 

𝑞𝑤𝑑𝑟 = 𝑐𝑙𝑇𝑤𝑏𝑔𝑤𝑑𝑟 (12) 

𝑞𝑣𝑎𝑝 = (𝑐𝑣𝑇𝑠 + 𝐿𝑣)𝑔𝑐𝑜𝑛𝑣 (13) 

where ρl denotes the density of water, Twb the wet-bulb temperature and Ts the surface temperature. The 

WDR intensity is calculated with the WDR model. 

The focus of the present study is the wetting and drying of different pavement materials, i.e. 

absorption of rain water and evaporation in order to evaluate the influence on evaporative cooling. 

Therefore, the outer surfaces of the facades and the ground have a uniform emissivity of 0.9 and albedo 
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of 0.4, set equal for all surfaces and  independent of the surface material. In reality, different albedos 

will influence the absorbed solar radiation and, therefore, have an influence on the drying rate. At the 

interior surfaces of the windward and leeward facades, a thermal resistance of 2.5 m2K/W is set with an 

indoor temperature of 20°C, which models heat transport in the inner part of the facades. The interior 

surfaces of the facades are impermeable to moisture. At the bottom of the street ground layer, at 2 m 

depth, a constant temperature of 10°C and a constant moisture saturation of 10% are set. The lateral 

boundaries of the porous material layers are assumed to be adiabatic and impermeable. 

Note that the maximum moisture content in the building materials is the moisture content at 

capillary saturation. In the present study, film forming and runoff on the exterior surfaces is not 

modeled. In cases where the surface reaches capillary saturation, rain water reaching this surface is 

assumed to be removed via drainage or runoff, not influencing the other surfaces. 

 

2.3. Coupling approach 

The coupling of the CFD subdomains to the porous subdomains is as follows. At the coupled 

boundaries of the air subdomain, Dirichlet boundary conditions are used, i.e. the values for temperature 

and humidity ratio are defined as shown in Fig. 2(a). At the coupled boundaries of the porous 

subdomains, Neumann boundary conditions are used, i.e. the heat and moisture fluxes are defined. The 

temporal coupling between the air and porous subdomains is performed by sequentially solving the 

steady RANS equations in the air subdomain and the unsteady heat and moisture transport in building 

materials. This approach is valid due to the fact that the time scale of transport in building materials is 

much larger than the time scale of transport in air. Information exchange between domains is 

performed at each exchange timestep, n, as represented in Fig. 2(b) (Saneinejad et al., 2012). In this 

study, an exchange timestep of 10 min is chosen. First, the steady air flow is solved. Afterwards, the 

calculated heat and moisture fluxes at the street-canyon boundaries in the air subdomain are applied as 
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boundary conditions in the porous domains. Transient heat and moisture transport in porous domains 

are simulated using adaptive timesteps (Janssen et al., 2007), m, during which the solution of air 

subdomain remains constant. At each timestep, heat and moisture transport are solved iteratively based 

on the Picard iteration scheme (Celia et al., 1990) while the thermal radiative heat fluxes are updated. 

The Picard iteration is performed until temperature and moisture content values converge for that time 

step. Finally, the new values for temperature and moisture at the solid boundaries are used to solve the 

steady air flow for the next exchange timestep. The general framework and methodology of the model 

are given in detail in Kubilay et al. (2018). 

 

3. Description of the case study 

3.1. Atmospheric loading 

The study considers the street canyon conditions over a duration of three days. The reference case 

models ‘dry’ conditions without rain event. Fig. 3(a) shows the variation of ambient temperature and 

relative humidity (RH) during the three-day duration, which are used as uniform boundary conditions 

at the inlet (Time 0 corresponds to midnight in local standard time). For moderate conditions, 

temperature values are based on a typical early summer day with moderate ambient temperatures in 

Zurich, Switzerland on June 21st (Meteonorm, 2012). The maximum ambient temperature is around 

19°C, while the minimum is around 11°C. For high temperature conditions, the values are based on 

numerical simulations of the heat wave in Zurich in July 2015 (Mussetti et al., 2018). The maximum 

ambient temperature is around 31°C, while the minimum is around 23°C. For both conditions, relative 

humidity is considered to vary between 62% and 86% RH. Clear sky conditions are assumed for solar 

radiation intensity without cloud cover during the day. Fig. 3(b) shows the global solar radiation 

intensity and the solar altitude and azimuth angles, which are assumed to be the same during the 

duration of three days. Here, the solar azimuth angle is zero when the solar position is due south and 

ACCEPTED M
ANUSCRIP

T



 

13 

 

positive when it is due east. The distribution of net short-wave radiation at street-canyon surfaces is 

given in Fig. 3(c) at solar noon and 6 hours after solar noon. The windward and leeward facades and 

the street surface are shown using a bird’s-eye perspective view. The street canyon is oriented along the 

north-south direction as also shown in Fig. 1. For simplicity, wind speed and wind direction are 

assumed to be constant during the day. Wind direction is perpendicular to the street canyon, i.e. from 

west, and wind speed is 5 m/s at y = 10 m, i.e. the building height. 

For ‘rainy’ conditions, rain events of constant intensity are considered for a duration of 10 hours 

at nighttime between t = 19.5–29.5 h with three different rainfall intensities, Rh: 1.0, 2.5 and 5.0 mm/h. 

Fig. 4 shows the catch ratio at the street-canyon surfaces for a rainfall intensity of 1 mm/h. The street 

surface is exposed to the highest amount of WDR. With increasing rainfall intensities, wetting 

distributions have similar patterns, displaying an increased wetting on the windward facade and a 

decreased wetting on the street, as seen for the surface-averaged WDR intensities in Table 1. This is 

due to the fact that, at higher rainfall intensities, the proportion of large raindrops is higher (Best, 

1950). The raindrops with larger inertia are influenced less by the local air flow and, as a result, more 

raindrops reach the windward facade.  

 

3.2. Porous material properties 

The case study investigates the impact of varying the properties of the porous materials making up the 

street-canyon pavement on evaporative cooling. We vary specifically the pavement material as the 

street surface is exposed to a significantly higher amount of rain water in comparison to the facades. 

Four different materials are considered as pavement, i.e. the outer layer of the street-canyon ground 

with a thickness of 0.10 m: concrete, two different types of brick and soil. Note that, in the case of soil, 

the total thickness of soil becomes 2 m. 
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Moisture properties, namely moisture retention, liquid permeability and vapor permeability, of 

these materials are given in Fig. 5. Concrete has very limited moisture absorption and reaches capillary 

moisture content already at very large capillary pressure (low relative humidity) (Hagentoft et al., 

2004). Soil is chosen to consist of a balanced proportion of sand, silt and clay (Schaap et al., 1998; 

Janssen et al., 2002), making soil the top layer that can hold the highest amount of moisture. Both types 

of brick have larger moisture permeability than concrete and soil. Brick A is a capillary-active brick 

with the highest moisture permeability among these four materials. It can also hold a higher amount of 

moisture than brick B, which is an ordinary clay brick (Hagentoft et al., 2004). For all configurations, 

the leeward and windward facades are composed of brick masonry with the properties of brick A. The 

thermal properties for the materials are given in Table 2. 

The moisture content for the street-canyon facades is initialized at the moisture content at 

equilibrium with 60% RH. The street-canyon ground is initialized with a moisture content equivalent to 

10% of saturation moisture content and the outer layer is let to dry during the initial pre-run. As a first 

step, the simulations for the dry case are run (initial pre-run) for several days (prior to the actual 3-day 

period) using the ambient boundary conditions presented in Fig. 3 until a daily thermal cycle is 

obtained that is in equilibrium with the ambient conditions. This is performed in order to achieve 

thermal conditions that are independent from the initial values. 

 

3.3. Solver settings 

OpenFOAM 2.4 (2015) is used as the solver with three main add-ons that are implemented: the WDR 

solver, the solar radiation model and the coupled model for heat and moisture transport in porous 

materials. OpenFOAM is an open-source finite-volume solver, which, together with the implemented 

models, allows for detailed analyses of local thermal comfort. 

ACCEPTED M
ANUSCRIP

T



 

15 

 

The pressure-velocity coupling for the wind-flow solution is done with the Semi-Implicit 

Method for Pressure Linked Equations (SIMPLE) algorithm. Second-order discretization schemes are 

used for both the convection terms and the viscous terms of the governing equations. The iterations in 

the air subdomain are terminated when all the scaled residuals reach below the following values: 10-5 

for all velocity components, turbulence terms and continuity, 10-4 for heat and moisture. The Picard 

iterative scheme in the porous solid subdomains is terminated when the changes in the absolute values 

are smaller than a threshold of 0.01 kg/m3 for moisture content and 0.01 °C for temperature between 

consecutive iterations. A sensitivity study is performed to confirm that lowering the convergence 

criteria further resulted in no significant impact on the results for the air and solid subdomains. The 

calculation time for simulating a 24h period took between 14-20 hours in a parallel run using 48 

threads on 3 nodes with Intel Xeon E5-2660 processors.  

 

4. Results 

Sections 4.1-4.4 present the impact of the different urban materials and of the wetting amount using the 

stand-alone street canyon configuration with moderate ambient air temperature. Section 4.5 

investigates the impact of using the periodic street computational domain and higher air temperature. In 

the following sections, we present results for the three consecutive days, with rain in the first night. 

 

4.1. Impact of varying the pavement material 

4.1.1. Temporal variations at the center of the street-canyon ground 

We consider the conditions in the center of the street surface for the different urban materials. First, the 

daily variation of temperature and moisture conditions at the center of the pavement surface is analyzed 

in Fig. 6. The periods with rain and direct sunlight at the center are indicated in the figure. The 

difference in temperatures in Fig. 6(a) before the rain event is due to differences in thermal diffusivity 

ACCEPTED M
ANUSCRIP

T



 

16 

 

and heat capacity of each material. As the rain event with an intensity of 1 mm/h starts, surface 

temperatures decrease for all materials, due to lower temperature of rain water (wet-bulb) and 

evaporation. The decrease in surface temperatures as a result of the rain event can be seen more clearly 

in Fig. 6(b), which shows the difference in surface temperatures between the 'rainy' conditions and the 

'dry' conditions. The largest reduction in temperature reaches 20-22°C for the two bricks at around t = 

38h as the solar radiation enhances the drying leading to higher drying rates. The reduction is limited 

for concrete due to its much lower liquid permeability. 

The relation between surface relative humidity (Fig. 6(c)) and rate of drying (Fig. 6(d)) can be 

explained by the occurrence of different drying phases. At the first drying phase, there is liquid water 

present at the top pores, i.e. material surface is at almost 100% RH. At this phase, the drying rate 

depends mainly on external conditions and is high as long as liquid transport within the material can 

sustain the liquid water to the top surface. Note that the rate of drying is similar for soil and the two 

bricks until t = 36h, where soil enters the second drying phase due to its relatively lower liquid 

permeability. This is when its surface relative humidity decreases below 100% and the effect of 

evaporative cooling decreases in Fig. 6(b). During the second drying phase, the rate of evaporation is 

lower and depends mainly on material properties, i.e. the vapor permeability in the dryer region on top 

of the material. Brick A enters the second drying phase much later at t = 58h. This explains the limited 

decrease of 12°C in temperature during the last period of exposure to solar radiation. As the materials 

are out of direct sunlight, surface relative humidity starts to increase again due to the decrease in 

surface temperature and the redistribution of moisture within the material. In contrast to soil and the 

two bricks, the drying rate of concrete is higher during the rain event due to its higher surface 

temperature, but the surface relative humidity decreases once the rain event ends. Note also that, the 

drying rate is high at the start of the rain event for all materials, due to the fact that the same ambient 
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RH in Fig. 3 is also used during the rain event. As the rain event continues, the drying rate decreases 

due to the increasing local RH within the street canyon. 

As seen in Fig. 6, there is a marked difference of the time the two bricks enter the second drying 

phase. Furthermore, they have different surface temperature reduction both during and after the rain 

event, even when they are both in the first drying phase with similar drying rates before t = 36h. In 

order to gain more insight in the wetting and drying behavior of the two bricks, Fig. 7 shows the 

vertical profiles of temperature and moisture content to a depth of 0.2 m at the center of the street-

canyon ground. The upper 0.1 m represents the brick pavement and the remaining part is the soil 

underneath. The profiles are given for three different time instants: at the start of the rain event (t = 

19.5h), at the end of the rain event (t = 29.5h) and at noon when drying is enhanced due to solar 

radiation (t = 36 h). The initial profiles of temperature and moisture content are very similar for both 

cases just before the rain event. On the other hand, the distribution of moisture within the brick 

pavements is clearly different at the end of the rain event. Brick A, due to its larger liquid permeability, 

has a more uniform moisture content distribution and is far below capillary saturation moisture content. 

On the other hand, brick B displays conditions close to capillary saturation near the top surface, as the 

rain water is mainly accumulated at the upper half. Note that, the thermal conductivity of brick B 

depends on the moisture content (Table 2). This leads to a larger thermal diffusivity for brick B as its 

upper half gets wet than it is for brick A. As a result, the temperature increase at the surface of brick B 

is further limited after rain (Fig. 7(c)), resulting in an additional reduction in surface temperature (Fig. 

6(b)). 

 

4.1.2. Spatial variations at the street-canyon surfaces 

After considering the temporal behavior at the center of the street canyon in the previous subsection, 

we now discuss the significant spatial variation within the whole street canyon due to the three-
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dimensional nature of the problem and the redistribution of moisture in the porous materials. Fig. 8 

shows the surface temperatures within the street canyon at their maximum values on the three days as 

well as right after the rain event, i.e. at t = 14h, 29.5h, 38h and 62h. Fig. 9 shows the same for surface 

relative humidity. In general, temperature patterns for all materials indicate higher values towards the 

center of the street canyon, mainly as a result of lower convective cooling at the center while cool air 

enters at the sides of the canyon and of reduced radiative cooling due to reflections between the 

buildings. While, at t=14h, concrete surface temperature is lower than the other three materials as also 

seen in Fig. 6(a), its temperature remains largely unaffected from rain due to much lower water 

absorption. The conditions right after rain are almost identical for all four materials. 

The difference between the liquid permeability of brick A and the other materials can be clearly 

seen by the fact that brick A pavement still has 100% relative humidity at t = 38h, resulting in the 

lowest surface temperature among all four materials. The second largest relative humidity at t = 38h is 

observed for brick B, even though it already entered the second drying phase. Higher relative humidity 

at the center indicates slower drying than at the sides of the street canyon. Similar behavior in terms of 

drying is observed also for other materials at different time instants. Note that, at t = 38h, soil relative 

humidity at the surface is much lower than the two bricks, which explains the faster increase in surface 

temperature. 

 

4.2. Impact of varying rainfall intensity on evaporative cooling 

The duration of the first drying phase depends on the available moisture as much as the moisture 

transport properties of the material. Fig. 10 compares the resulting difference in surface temperature 

between the 'rainy' and 'dry' conditions at the center of the street canyon for different rainfall 

intensities, where the 'dry' conditions are presented in Fig. 6(a) before the rain event. As an example, 

when the rainfall intensity increases from 1 mm/h to 2.5 mm/h, soil remains in the first drying phase for 
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a longer duration. The reduction in temperature increases from 15°C to 20°C on the day following the 

rain event. As the rainfall intensity further increases to 5 mm/h, the surface temperature of soil does not 

decrease further at t = 38h. This is due to the fact that, during the first drying phase, the rate of 

evaporation depends on the environmental conditions, such as radiation and convection, which are 

identical at each rainfall case.  

Note that the amount of absorbed rain water into different pavement materials is not the same 

during the 10-hour rain event as shown in Table 3. As the rainfall intensity increases, a higher amount 

of water is absorbed until the pavement surface reaches capillary saturation. Absorption in concrete 

pavement is significantly lower than in the other pavements. While soil and brick A absorb all the rain 

water they are exposed to, brick B reaches capillary saturation at the surface at Rh = 2.5 mm/h and 

absorbs less water. Nevertheless, the reduction in surface temperature for brick B is the largest among 

all materials due to its larger thermal diffusivity as long as it is in the first drying phase. 

The variations of air temperature and relative humidity at pedestrian height in the middle of the 

street are given in Fig. 11, which shows the impact of evaporation at the street-canyon surfaces. The 

largest reduction in air temperature is observed for the brick pavements, which, in turn, leads to the 

highest local relative humidity. The resulting differences of the air temperature and relative humidity 

between the 'dry' and 'rainy' conditions are more obvious in Figs. 12 and 13, respectively. The 

variations with increasing rainfall intensity have a somewhat similar tendency to the variation in 

surface temperature. The differences in air temperature and relative humidity between the 'rainy' and 

'dry' conditions decrease as the pavement materials enter second drying phase, i.e. rate of drying 

decreases. However, the impact of rainfall intensity in Figs. 12 and 13 is more dispersed and long 

lasting than its impact on surface temperature. This is due to the fact that the wetting on the windward 

facade increases at higher rainfall intensities (Table 1), which cools the air temperature further due to 

air mixing within the street canyon. This is why the air temperatures decrease further as rainfall 

ACCEPTED M
ANUSCRIP

T



 

20 

 

intensity increases, even when the ground surface temperatures stay the same in Fig. 10. The decrease 

in air temperature reaches 1.9°C for brick B and 1.6°C for soil and brick A at the highest rainfall 

intensity of 5.0 mm/h. Due to the evaporation within the street canyon, the increase in relative humidity 

is as much as 20% RH for soil and the two bricks at the rainfall intensity of 5.0 mm/h. The difference is 

much more limited for concrete pavement with a temperature decrease of up to 0.5°C and relative 

humidity increase of up to 5% RH after the rainfall. As mentioned above, this impact is also partly due 

to evaporative cooling on the windward facade. Note the assumption that the excess amount of rain 

water, which is not absorbed in concrete, is removed from the pavement via drainage and does not 

contribute to evaporation. 

 

4.3. Analysis of thermal comfort 

The previous subsection shows that the pavement surface temperature decreases by up to 22°C, and the 

air temperature by up to 1.9°C. On the other hand, simultaneously, an increase of 20% is observed in 

relative humidity, which would have an adverse effect on pedestrian thermal comfort. Here, the impact 

of all these variations on thermal comfort is assessed using a multi-segmental model of human 

thermoregulation, which simulates the dynamic heat exchange between body segments and the 

environment (Fiala et al., 2012). Then, the perceived temperature is quantified under the form of 

Universal Thermal Climate Index (UTCI) based on the mean radiant temperature, air temperature, 

relative humidity and wind speed, considering the clothing level and metabolism of pedestrian constant 

(Bröde et al., 2012; Blazejczyk et al., 2013). 

 

Local values are used for air temperature, relative humidity and wind speed, averaged within a volume 

representing a pedestrian standing at the center of the street canyon. The mean radiant temperature, 

Tmrt, is calculated as follows: 
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𝑇𝑚𝑟𝑡 = (𝑇𝑚𝑟𝑡,𝑙𝑤
4 +

𝐴𝑝𝛼𝑝𝐼𝑑𝑖𝑟

𝐴𝑒𝑓𝑓𝜖𝑝𝜎
)
0.25

 (14) 

where the first component on the right hand side is related to the thermal radiation exchange with 

nearby surfaces and the sky, while the second component is related to the incident solar radiation. Note 

that only the direct component of solar radiation is considered in Eq. (14). Ap denotes the area of the 

person projected onto the plane perpendicular to the direction of the radiant source, Aeff the effective 

radiation area of human body, αp the clothed human body absorptance, Idir the incoming direct solar 

radiation, εp the human body emissivity, σ the Stephan-Boltzmann constant. The component related to 

the thermal radiation, Tmrt,lw is calculated as follows: 

𝑇𝑚𝑟𝑡,𝑙𝑤
4 =

1

𝜎
(∑ 𝐵𝑘𝐹𝑝−𝑘

𝑁
𝑘=1 ) (15) 

where Fp-k denotes the view factor between person and surface k and Bk the radiosity of surface k. 

UTCI is calculated with the BioKlima 2.6 software package (Blazejczyk et al., 2013). 

The thermal comfort at a height of 1.8 m at the center of the street canyon is evaluated in terms 

of UTCI as shown in Fig. 14(a), where the highest value reaches 31°C before the rain event. Fig. 14(b) 

compares the UTCI values at different pedestrian positions for brick A as the pavement material. The 

locations near the leeward and windward facades are 1 m away from the walls. There is a temporal 

shift in the curves depending on the solar position. The highest UTCI is observed for the location near 

the windward facade, i.e. the facade facing west, as it keeps heating in the afternoon while the ambient 

air temperature also increases. 

The decrease in UTCI and the resulting improvement in thermal comfort can be seen more 

clearly in Fig. 15. The general trend is similar to what is seen in the previous sections. The factors 

influencing the difference in UTCI the most are the decreases in mean radiant temperature and air 

temperature in this case. When the pedestrian is under the sun, the jumps in UTCI are due to conflicting 

effects of evaporative cooling and direct component of solar radiation. The improvement in UTCI 
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mainly depends on the liquid permeability and thermal diffusivity of the materials, i.e. the properties 

that influence the duration of first drying phase and temperature reduction. The largest improvement 

after the rain is observed for brick B by up to 3°C, while it decreases on the last day to values between 

1-2°C depending on the wetting amount. In all cases, the improvement in thermal comfort due to 

evaporative cooling exceeds the adverse effect of the increased relative humidity. Table 4 summarizes 

the maximum UTCI values for the dry case and the cooling potential due to evaporation, which is 

defined as the difference of UTCI between dry and wet cases. The total cooling potential (in degree-

hours) is the area under the curves in Fig. 15, integrated between the end of the rain event and the end 

of third day. At larger wetting, the total cooling potential of soil reaches to the same level as the bricks. 

 

4.4. Impact of water storage and wetting period 

To this point in the present study, the materials are wetted by rainfall. However, wetting can also be 

intentional by using stored rain water (Yamagata et al., 2008; Li et al., 2013). Once wetting is not 

dependent on the weather but can be planned and controlled, solutions such as “smart wetting” of 

materials can be envisaged, varying the wetting period and wetting amount towards optimizing the 

cooling and providing thermal comfort. As discussed in section 4.2, as long as the material remains in 

optimum conditions, i.e. liquid water present near the surface, temperature reduction does not change 

simply by increasing the wetting amount. Instead, spreading the wetting period, while keeping the 

wetting amount the same, could maintain evaporative cooling for a longer duration.  

Fig. 16 demonstrates such possible wetting solutions on a pavement with brick B. Wetting is 

provided due to 1) a rain event of 1 mm/h intensity, which reflects the conditions in the previous 

sections and 2) stored rain water, which is evenly supplied at the pavement surface at two different time 

periods: option A and B. The total amount of wetting is 10 mm for all cases. Option A represents two 

wetting periods in early morning, each 2-hour long. Option B represents four wetting periods in early 

ACCEPTED M
ANUSCRIP

T



 

23 

 

morning and just before noon, each 1-hour long. Note that the present study considers the controlled 

wetting from a purely academic point of view and does not deal with its practical implementation. Both 

options A and B have 5 mm water supplied on the pavement before t = 36h. This causes a slightly 

earlier switch to the second drying phase compared to the reference rain event. On the other hand, since 

the rest of the water is used later, significantly lower surface temperatures are obtained on the last day. 

Fig 16(b) indicates a similar trend for the difference in UTCI. In terms of overall thermal comfort, 

option B provides the largest improvement by decreasing UTCI more than 2°C on both days, which 

results in 20.6% larger total cooling potential compared to wetting due to rain as shown in Table 4. 

 

4.5. Sensitivity of results on the choices of domain and ambient temperature 

The stand-alone street canyon case with moderate ambient temperature has two significant implications 

on the results. First, the resulting wind-flow field has a strong separation and acceleration above the 

upstream building, which may have an impact on the heat removal at rooftop level. Second, as no heat 

transfer is considered upstream of the street canyon, this configuration results in the air entering the 

street canyon to be significantly cooler than the local air temperature. This may create a stronger 

temperature gradient on the street-canyon surfaces than reality.  

Fig. 17 presents the sensitivity of surface temperatures to the geometry by comparing the stand-

alone and periodic street canyon configurations, both with the moderate and high ambient air 

temperature conditions as shown in section 3.1. Overall, high ambient temperature causes an upward 

shift in the surface temperature. In this case, the highest decrease in surface temperature is larger, but 

the pavement enters the second drying phase earlier due to faster evaporation. On the other hand, the 

periodic street canyon configuration mainly leads to higher local temperatures during night and in the 

afternoon. Note that the periodic canyon models fully-developed flow conditions in an urban area but 

the ambient air temperature and relative humidity stay similar compared to the stand-alone case. The 
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resulting conditions reflect intrinsically the UHI effect due to reduced convective cooling and reduced 

radiative losses to the surroundings. Temperature difference becomes larger between surface and rain 

water, which leads to a faster evaporation during and after the rain event. As a result, a considerably 

large surface temperature is obtained at t = 38–42h than the case with the stand-alone canyon.  

Fig. 17(c) shows the UTCI values for each case during the 3-day duration. According to the 

thermal stress categories by Bröde et al. (2012), high ambient temperature leads to very strong heat 

stress around noon, while moderate temperature results in moderate heat stress. The extent of 

improvement in thermal comfort due to evaporative cooling is similar in each case, i.e. up to about 

2.5°C, but the duration of cooling is different as shown in Fig. 17(b) and Table 4. The largest 

improvement is observed around noon with increasing evaporative cooling. At high ambient 

temperature case, the thermal stress decreases from very strong to strong heat stress when the 

pedestrian is under shade in the afternoon. On the other hand, due to larger temperatures in the periodic 

configuration in the afternoon, thermal stress category remains the same.  

 

5. Discussion 

The results show that the choice of urban materials strongly influences the outdoor thermal comfort at 

local scale. Temperature levels of wetted urban porous surfaces are defined by the available moisture, 

the liquid permeability of the material as well as the thermal diffusivity. Two important parameters to 

consider are the maximum reduction in surface temperatures and the duration of the cooling effect. 

Mainly, it seems beneficial to keep the first drying phase longer in order to extend the effect of 

evaporative cooling. The results also show local spatial hotspots, indicating the importance of modeling 

the local wind-flow field. The improvement in UTCI is large enough to make an impact on different 

thermal stress categories (Bröde et al., 2012). Furthermore, past research show that the resulting 
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decrease in local air temperature is also significant in terms of building energy use (Allegrini et al., 

2012).  

The results provide the ranges of influence of porous materials on evaporative cooling due to 

their differences in thermal and moisture transport properties. It should be noted that the conclusions 

obtained cannot be generalized due to certain limitations in the present study. Sections 4.4 and 4.5 

show that, while the main physical processes remain similar, factors such as building configuration and 

wetting period of the day can directly influence the rate of evaporation. Similar can also be said for 

characteristics of the local climate, such as the ambient relative humidity, as well as wind speed and 

direction. Past research shows that lower wind speeds lead to larger surface temperatures compared to a 

higher reference wind speed of 5 m/s (Kubilay et al., 2018). On the other hand, lower wind speed 

enhances heat removal via buoyancy, which leads to lower air temperature at pedestrian height, in 

contrast to higher wind speeds where air being more trapped in the canyon. The present study considers 

a reference wind speed of 5 m/s as the cooling relies more on evaporation and less on buoyancy. 

Furthermore, reflections of solar radiation are assumed to be diffuse, where specular reflections from 

any glossy surfaces or windows are not considered. While this assumption does not have a significant 

impact on the results of the present parametric studies, specular reflection from the building facades 

can have an influence on the solar radiation received at the street level, especially in more complex 

building configurations. 

The present study assumes that all rain water impinging on a surface is absorbed as long as the 

material surface is not capillary saturated. In reality, the absorbed water amount also depends on the 

droplet physics after impact such as spreading, splashing and bouncing. Moreover, in cases where the 

surface is capillary saturated, it is assumed that the excess water is removed from the pavement surface 

via drainage without considering surface film formation. Presence of a surface film may extend the 

period of evaporation, e.g. for concrete pavement. The neglect of runoff could lead to more significant 
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discrepancies for vertical surfaces as water that runs off can be absorbed at a lower position on the 

facade. In order to limit this effect, brick A with a high liquid permeability is used for the leeward and 

windward facades of the street canyon. 

 

6. Conclusions 

The influence of different porous urban materials exposed to environmental loading is investigated at 

local scale. The impact of rain events with varying intensities on urban microclimate is presented and 

the evaporative-cooling potential is compared. Significant differences in terms of temperature reduction 

due to evaporative cooling are observed mainly due to differences in available moisture content, 

moisture permeability, exterior conditions and thermal diffusivity. Larger improvement in thermal 

comfort is observed for materials with larger moisture permeability. The results show that the rate of 

evaporation is the highest as long as the material can transport enough moisture towards its surface. At 

these conditions, a further increase in wetting amount does not further decrease surface temperature, 

but prolongs the first drying phase. Therefore, by controlling wetting period and wetting amount or by 

improving material transport properties, evaporative cooling can be used more efficiently. The results 

also show that conditions which increase the rate of evaporation, e.g. higher ambient temperature, UHI, 

higher solar radiation, enhances the cooling initially, but results in lower thermal comfort later.  

The results provided by the applied model are valuable when comparing different strategies that 

aim to improve urban microclimate. The detailed simulations of resolved physics at local scale can 

provide valuable data on a path to provide sustainable and resilient solutions for local heat islands. 

They allow for the investigation of how particular mitigation measures for UHI effect, or combinations 

of them, perform at different conditions. Mitigation measures might further include the use of 

vegetation, green walls/roofs, shading devices and textiles, which can improve outdoor thermal 

comfort, energy use and public health.  
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In this regards, further work is necessary for a wider range of building configurations that 

involve more representative urban morphologies. It is worth noting that physics at different scales, i.e. 

regional, city, local scales, influence each other strongly. Therefore, coupling between 

city/neighborhood scales and local scale is required. Future work is planned to study the effects of heat 

waves and vegetation at local scale. 
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Figures 

 

 

Fig. 1. Computational domains and grids for air subdomains modeling a) stand-alone and b) periodic street 

canyons and c) for porous solid subdomains.  

 

 

Fig. 2. Schematic representation of a) boundary conditions at the coupled boundaries of the air and porous solid 

subdomains and b) temporal coupling, where n denotes the exchange timestep and m the adaptive timesteps for 

the unsteady heat and moisture transport. 
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Fig. 3. a) Ambient temperature and relative humidity for the duration of three days. b) Daily variation of the 

global solar radiation intensity and the solar altitude and azimuth angles in Zurich, Switzerland on June 21st. c) 

The distribution of net solar radiation intensity at street-canyon surfaces in a perspective view from top at solar 

noon and 6 hours later. 

 

 

Fig. 4. The distribution of catch ratio for a rainfall intensity of 1 mm/h at the street-canyon surfaces in a 

perspective view from top. 
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Fig. 5. a) Wetting moisture retention, b) liquid permeability and c) vapor permeability for soil, concrete and 

brick A (capillary active) and brick B (ordinary). 
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Fig. 6. Temporal variation of a) surface temperature, b) difference in surface temperature (rainy - dry 

conditions), c) surface relative humidity and d) the amount of absorbed rainwater on the street-canyon ground 

for different pavement materials at a rainfall intensity of 1 mm/h. 
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Fig. 7. Vertical profiles of temperature and moisture content at the upper 0.2 m of the street-canyon ground for 

brick A and brick B at a) the start of the rain event (t = 19.5h), b) the end of the rain event (t = 29.5h) and c) the 

noon after the rain event (t = 36h). 

 

 

Fig. 8. Spatial variation of temperature at the street-canyon surfaces in a perspective view from top at the end of 

the 1.0 mm/h rain event (t = 29.5h) and at the two time instants with highest surface temperature after the rain 

event (t = 38h and t = 62h). 

 ACCEPTED M
ANUSCRIP

T



 

37 

 

 

Fig. 9. Spatial variation of relative humidity at the street-canyon surfaces in a perspective view from top at the 

end of the 1.0 mm/h rain event (t = 29.5h) and at the two time instants with highest surface temperature after the 

rain event (t = 38h and t = 62h). 
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Fig. 10. Difference in surface temperature due to rain (rainy - dry conditions) at different rainfall intensities for 

a) soil, b) brick A, c) brick B and d) concrete as the pavement material. 

 

ACCEPTED M
ANUSCRIP

T



 

39 

 

 

Fig. 11. Temporal variation of a) air temperature and b) air relative humidity at the pedestrian height (1.8 m) at 

the center of the street canyon for different pavement materials at a rainfall intensity of 1 mm/h. 
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Fig. 12. Difference in air temperature due to rain (rainy - dry conditions) at the pedestrian height (1.8 m) at the 

center of the street canyon for a) soil, b) brick A, c) brick B and d) concrete as the pavement material. 
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Fig. 13. Difference in air relative humidity due to rain (rainy - dry conditions) at the pedestrian height (1.8 m) at 

the center of the street canyon for a) soil, b) brick A, c) brick B and d) concrete as the pavement material. 
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Fig. 14. Temporal variation of UTCI at the pedestrian height a) at the center of the street canyon for different 

pavement materials and b) at different positions in the street canyon for brick A as pavement at a rainfall 

intensity of 1 mm/h. 
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Fig. 15. Difference in UTCI due to rain (rainy - dry conditions) at the pedestrian height (1.8 m) at the center of 

the street canyon for a) soil, b) brick A, c) brick B and d) concrete as the pavement material. 
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Fig. 16. Difference in surface temperature due to wetting (rainy - dry conditions) at different time periods for 

brick B as the pavement material. 
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Fig. 17. Sensitivity of evaporative cooling on the choices of computational domain and ambient temperature in 

terms of a) absolute surface temperature, b) difference in surface temperature and c) absolute UTCI. 
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Tables 

Table 1. Surface-averaged wetting due to wind-driven rain. 

Rh 

[mm/h] 

Windward facade Street Leeward facade 

 [-] Rwdr [mm/h]  [-] Rwdr [mm/h]  [-] Rwdr [mm/h] 

1.0  0.15 0.15 0.81 0.81 0.00 0.00 

2.5  0.18 0.45 0.80 2.00 0.00 0.00 

5.0  0.19 0.95 0.78 3.90 0.00 0.00 

 

Table 2. Thermal properties of the materials used in porous media, where w denotes the moisture content. 

Material ρ [kg/m3] c [J/kgK] λ [W/mK] 

Soil 1150 650 1.500 

Concrete 2280 800 1.500 +1.58E-2×w 

Brick A 1600 1000 0.682  

Brick B 2005 840 0.500 + 4.50E-3×w 

 

Table 3. The total amount of rain water absorbed [mm] by different pavement materials in the street canyon. 

Rh [mm/h] Soil Brick A Brick B Concrete 

1.0 8.0 8.0 8.0 1.5 

2.5 20.0 20.0 18.7 1.5 

5.0 39.0 39.0 23.1 1.5 

 

Table 4. Comparison of different cases in terms of the maximum UTCI during the dry case and the maximum 

and total cooling potentials after different amounts of wetting. 

 Max. 

UTCI 

'dry' [°C] 

Max.  cooling potential  [°C] Total  cooling potential  [°C-h] 

  10 mm 25 mm 50 mm 10 mm 25 mm 50 mm 

Soil 30.6 1.5 2.4 2.6 29.5 55.3 70.1 

Concrete 29.8 1.5 1.7 1.7 12.0 18.1 26.1 

Brick A 30.7 2.3 2.6 2.7 46.3 64.7 72.1 

    - periodic moderate T 32.4 2.4 - - 45.9 - - 

    - high T 42.4 2.4 - - 44.9 - - 

    - periodic high T 45.0 2.2 - - 42.3 - - 

Brick B 30.9 2.4 2.7 3.0 46.9 60.6 71.4 

    - wetting option A - 2.1 - - 52.4 - - 

    - wetting option B - 2.4 - - 56.6 - - 
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Nomenclature 

Roman Symbols 

ak Albedo of surface k  

A Area 

Bk Radiosity of surface k 

c0, cl, cv Specific heat of dry material, liquid (water), vapor 

Cμ Constant in turbulence model  

Fk-j View factor between surfaces k and j 

gl, gv Moisture flux (liquid, vapor) 

gconv, gwdr Moisture flux due to convection, wind-driven rain 

I, Idir Global, direct solar radiation 

k Turbulent kinetic energy 

Kl, Kv,pc, Kv,T Liquid permeability, vapor permeability for transport due to capillary pressure gradient, vapor 

permeability for transport due to temperature gradient 

Lv Heat of vaporization 

pc Capillary pressure 

qc, qa Heat flux (conductive, advective) 

qconv, qwdr, qvap, 

qLW, qSW 

Heat flux due to convection, wind-driven rain, vapor exchange, long-wave radiation, short-wave 

radiation 

Rh, Rwdr Horizontal rainfall intensity, wind-driven rain intensity 

t Time 

T Temperature 

Tmrt, Tmrt,lw Mean radiation temperature, mean radiant temperature (thermal component) 

Twb Wet-bulb temperature 

u*ABL Atmospheric boundary layer friction velocity 

U Magnitude of wind velocity 

w Moisture content 

y Height coordinate 

y0 Aerodynamic roughness length 

αp Absorptance of human body 

ε Turbulence dissipation rate 

εk, εp Emissivity of surface k, human body 

η Catch ratio 

κ von Karman constant 

λ Thermal conductivity 

ρ0, ρl Density of dry material, liquid (water) 

ρk Reflectivity of surface k 

σ Stephan-Boltzmann constant 

Acronyms 

CFD Computational fluid dynamics 

HAM Coupled heat and moisture 

RH Relative humidity 

SIMPLE Semi-implicit method for pressure linked equations 
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UCM Urban canopy model 

UHI Urban heat island 

UTCI Universal thermal climate index 

RANS Reynolds-averaged Navier Stokes 

WDR Wind-Driven Rain 
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