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ABSTRACT: An urban park can exhibit a cooling effect not only in the park itself, but also in its wake with respect to
the prevailing wind. This study investigates the cooling potential of an urban park in Antwerp, Belgium focusing on two
parameters: (1) intensity of the cooling effect, indicating the maximum reduction in air temperature and (2) range of the cooling
effect, indicating the maximum horizontal distance where a minimum of 0.1 ∘C cooling effect is present. Computational
fluid dynamics (CFD) simulations are performed using the three-dimensional unsteady Reynolds-averaged Navier–Stokes
equations. Coupled simulations of wind flow and heat transfer consider all the conductive, convective and radiative heat transfer
processes but not the long-wave radiation heat exchange between buildings, trees and ground. The vegetation model used in this
study is evaluated with experimental data from an earlier study. Moreover, the simulated air temperatures inside the Antwerp
city center are compared with available measurement data. Following the fairly-good predictions from CFD simulations,
results from the following cases are compared: (1) base case with the park, (2) a case with an open square instead of the park,
and (3) a case with representative buildings instead of the park. The results indicate a maximum daytime intensity and range
of the cooling effect of 3.4 ∘C and 498 m at 1500 LST (UTC + 2, Central European Summer Time). Further analysis shows
that the cooling effect is more profound closer to the ground. Apart from the daytime cooling effect, the park investigated has
the potential to lower wind velocities, resulting in increased air temperatures during the night-time (at 0000 LST) by 0.9 ∘C,
although this number might be slightly different given the neglect of long-wave radiation heat exchange between buildings,
trees and ground.

KEY WORDS urban microclimate; computational fluid dynamics; vegetation; scenario analysis; adaptation measures; park
cooling effect; urban design
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1. Introduction

The rapid urbanization of the world population, which is
expected to intensify within the 21st century (Angel et al.,
2005), can result in both beneficial and detrimental con-
sequences for people and environment (United Nations,
2014, 2015). As urban areas replace natural environments
with construction materials and anthropogenic activities,
they form their own, unique microclimates (Erell et al.,
2011). Research on urban microclimate started in the 19th
century (Mills, 2014) with the pioneering work by Luke
Howard (Howard, 1820; Mills, 2008). Since then, various
studies have demonstrated the effect of urban microclimate
on building energy demand (e.g., Santamouris et al., 2001;
Davies et al., 2008), human thermal comfort (e.g., Kovats
and Hajat, 2008; Moonen et al., 2012) and urban infras-
tructure (e.g., James, 2002).

In the past, several adaptation measures have been inves-
tigated for their potential to influence urban microclimate,

* Correspondence to: Y. (Yasin) Toparlar, Eindhoven University of Tech-
nology, P.O. Box 513, 5600 MB, Eindhoven, The Netherlands. E-mail:
y.toparlar@tue.nl

mostly to reduce elevated temperatures (e.g., Rosenfeld
et al., 1995; Davies et al., 2008; Rizwan et al., 2008;
Gago et al., 2013; Revi et al., 2014). These measures
can be classified as: using vegetation (e.g., trees; Oke,
1989; Gill et al., 2007; Bowler et al., 2010); using water
bodies (e.g., Nishimura et al., 1998; Tominaga et al.,
2015; Montazeri et al., 2016); modifying urban form
(e.g., street orientation; Ali-Toudert and Mayer, 2006;
Perini and Magliocco, 2014; Jamei et al., 2016); using
alternative materials (e.g., high-albedo materials; Taha,
1997; Sato et al., 2004; Santamouris, 2013) and low-
ering anthropogenic heat (e.g., lowering the number of
cars; Kimura and Takahashi, 1991; Ichinose et al., 1999;
Rizwan et al., 2008).

Vegetation in urban areas is one of the most investigated
adaptation measures (Gill et al., 2007; Bowler et al., 2010;
Gago et al., 2013). Some typical examples of vegetation
in urban areas are green roofs, green walls, street trees
and urban parks. Among these measures, green roofs and
green walls have the smallest effect on the microclimate
(Gromke et al., 2015) whereas street trees have a larger
area of influence, depending on the tree type, tree density
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This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

http://orcid.org/0000-0001-7919-6226


e304 Y. TOPARLAR et al.

Figure 1. Schematic representation of the cooling effect of a park demonstrating two parameters: range of the cooling effect and the intensity of the
cooling effect. (Source: Honjo and Takakura, 1990).

and street canyon geometry (Ooka et al., 2008). Urban
parks stand out among these vegetative measures as being
spatially the largest.

Several measurement studies investigated the air tem-
perature differences occurring inside urban parks and at
nearby urban locations (Mayer and Höppe, 1987; Pad-
manabhamurty, 1990; Barradas, 1991; Jauregui, 1991;
Shahgedanova et al., 1997; Jonsson, 2004; Georgi and
Zafiriadis, 2006; Thorsson et al., 2007; Zoulia et al., 2009;
Oliveira et al., 2011; Klemm et al., 2015), which can be
as high as 7.0 ∘C (Spronken-Smith and Oke, 1998). The
term ‘park cool islands’ is commonly used to denote the
localized cool areas created by the parks (Oke, 1987).
However, parks can decrease air temperatures also in their
wake regions with respect to the prevailing wind. There-
fore, the park cooling effect is not necessarily confined
to the park area, as the effect can be convected further
downstream, cooling the park surroundings. Honjo and
Takakura (1990) conceptualized this effect by focusing on
two parameters: (1) intensity of the cooling effect, refer-
ring to the maximum decrease in air temperature and (2)
range of the cooling effect, referring to the horizontal dis-
tance where the park cooling effect is present. In Figure 1,
a schematic representation demonstrating the park cooling
effect is provided.

In the past, several measurement studies were conducted
on the park cooling effect focusing not only on the area
inside the parks but also on their wakes. Saito et al. (1991)
investigated the 24 000-m2 Izumigaoka park in Kumamoto
City, Japan. The measured temperature difference between
inside and outside of the park was ΔTin−out = 3 ∘C and the
cooling effect was reported to be noticeable about 20 m fur-
ther downstream. Ca et al., 1998 investigated the cooling
effect of a 100 000-m2 large park in Tokyo, Japan, mea-
suring ΔTin−out = 2 ∘C and the cooling effect was notice-
able over an area of 500 000 m2. Upmanis et al., 1998
focused on three parks in Gothenburg, Sweden: a small

park ‘Gubberoparken’ (24 000 m2); a middle-sized park
‘Vasaparken’ (36 000 m2); and a large park ‘Slottssko-
gen’ (1 560 000 m2) and ΔTin−out were measured as 1.7,
2.6 and 5.9 ∘C, whereas the ranges of the cooling effect
were measured as: negligible, 40 and 1175 m, respectively.
Hamada and Ohta (2010) investigated the cooling effect
of a 1 470 000 km2 Heiwa Park in Nagoya, Japan. The
measured cooling effect intensity was about 1.9 ∘C and its
range was around 500 m.

Investigating the park cooling effect with measurements
poses several challenges. One of them is the lack of exper-
imental control inherent in meteorological field measure-
ments (Mirzaei and Haghighat, 2010). To calculate the
intensity of the cooling effect, the resulting air tempera-
tures in the wake of the park have to be compared with
temperatures from another location where the influence
of the park is negligible. However, the temperature dif-
ferences in these two points can be the result of another
factor, which is not controlled in the measurement setup.
Another limitation is the amount of measurement points.
Due to the limited availability of the measurement equip-
ments, measurement setups are located at a few specific
points in space. The measured range and intensity of the
cooling effect may be different if the measurement loca-
tions were to be switched.

The park cooling effect can also be assessed with compu-
tational fluid dynamics (CFD) simulations. CFD is increas-
ingly employed in meteorological microscale studies as it
allows coupled simulations of wind flow, heat and mois-
ture transfer (Murakami, 1990; Lun et al., 2009; Toparlar
et al., 2015). CFD can be used to perform simulations of
real situations with full control over the relevant boundary
conditions and results can be obtained in every point of the
domain. To improve the reliability of CFD simulations and
to quantify uncertainties, the results from CFD simulations
should be evaluated with measurement data (Franke et al.,
2007; Tominaga et al., 2008; Blocken, 2014).

© 2017 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. 38 (Suppl.1): e303–e322 (2018)
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In the past, several CFD studies have been performed to
assess the park cooling effect (Honjo and Takakura, 1990;
Dimoudi and Nikolopoulou, 2003; Yu and Hien, 2006;
Chow et al., 2011; Declet-Barreto et al., 2013; Goldberg
et al., 2013; Vidrih and Medved, 2013; Müller et al., 2014;
Duarte et al., 2015). In Table 1, an overview of these stud-
ies is provided. All these studies reported the intensity of
the cooling effect caused by the park. However, apart from
the study by Honjo and Takakura (1990), other studies did
not specifically mention the range of cooling observed. In
the study by Duarte et al. (2015), the range of the cooling
was calculated by the authors of the present paper as 90 m
using the contour plots provided. For the other studies, the
extents of the domains were not large enough to capture
the full range of the cooling effect. Therefore in Table 1,
the ranges of the cooling from some studies (Dimoudi and
Nikolopoulou, 2003; Chow et al., 2011; Declet-Barreto
et al., 2013; Goldberg et al., 2013; Müller et al., 2014) are
considered as minimum values. Bowler et al. (2010) men-
tion in their review paper that in the literature, a systematic
analysis on the park cooling effect is lacking and a similar
conclusion can be made among the studies mentioned in
Table 1. A systematic analysis on the range of cooling can
be conducted by comparing different cases where the park
geometry is replaced by other geometries.

This study aims to evaluate the range and intensity of the
cooling effect of an urban park in Antwerp, Belgium. CFD
simulations are performed considering the central Antwerp
region and the resulting air temperatures are compared
with measurement data. The vegetation model used in the
CFD simulations is evaluated with respect to another set of
measurement data. For the systematic analysis of the park
cooling effect, three cases are compared: (1) base case with
the park, (2) case with an urban square instead of the park
and (3) case with buildings instead of the park. The cooling
effect is investigated on the leeward side of the park and the
intensity and range of the cooling are reported based on the
differences among these cases.

Section 2 describes the study area and the measurement
campaign. Section 3 presents the computational settings
used. Section 4 contains the evaluation of CFD simula-
tion results with respect to measurement data and Section
5 contains the comparison between different cases simu-
lated. Section 6 is for discussion and conclusions are given
in Section 7.

2. Description of the study area and the
measurement campaign

The studied urban area is the center of Antwerp, a city
located in the North of Belgium (Figure 2(a)). Antwerp has
been the subject of urban heat island studies in the past (De
Ridder et al., 2014). The urban park of interest in this study
is Stadspark, located in the city center (Figure 2(b)). The
triangular park has a southern edge of 500 m long whereas
the other two edges are approximately 550 m long. The
park is mainly composed of trees, grass fields, walking
paths and a pond.

To document the urban heat island effect in Antwerp,
the Flemish Institute for Technological Research (VITO)
operates two measurement stations. The first station is
located on top of a high school building, namely Konin-
klijk Lyceum inside the city center (Figure 2(c)). The
measurement equipment is positioned at 7 m height from
ground level, 2 m above the rooftop. The second station
is located inside a biofarm, approximately 8 km southeast
of the city center. The measurement equipment is located
at 2 m above the ground level in an open field where the
nearest obstacles are over 70 m away. From both of these
stations, 15-min averaged data for air temperature, relative
humidity, solar radiation, wind speed and wind direction
are collected from June 2012 to September 2013. The air
temperatures were recorded using a resistance temperature
detector-type sensor, which has a maximum error of 0.2 ∘C
under a maximum solar radiation of 1000 W m−2 (Lauwaet
et al., 2013).

To model the region accurately, drawings, geographic
information systems data sets and documents are acquired
from the Antwerp municipality. The drawings documented
all the buildings inside the city center and the location of
trees taller than 2 m. Building height ranges from 3 m to
60 m and average building height is 13.4 m.

3. CFD simulations: computational settings

3.1. Computational domain and grid

The area of interest in this study, where the buildings
and streets are modelled with their physical characteris-
tics (explicitly), is specified as the Stadspark and its sur-
roundings up to a distance of 850 m away from the park
(Figures 3(a) and (b)). The level of detail of buildings
ranges from 1–2 m for the ones close to the Stadspark
to 6–8 m for the ones in the outer parts. The highest
building inside the domain is 60 m high and its height is
denoted as H. The region outside the area of interest is
modelled implicitly where geometrical obstacles are rep-
resented with an aerodynamic roughness length (z0) (m),
specified based on the updated Davenport roughness clas-
sification (Wieringa, 1992) for different wind directions.

A three-dimensional (3D) computational domain with a
square base is used for this study. According to the best
practice guidelines, inlet, lateral and top boundaries of
the domain should be positioned at least 5 H away from
the explicitly modelled area whereas the outflow bound-
ary should be positioned at least 10 H (Tominaga et al.,
2008) or 15 H (Franke et al., 2007) away. Recent guide-
lines (Franke et al., 2007; Tominaga et al., 2008; Blocken,
2015) suggest a blockage ratio in the streamwise direc-
tion of less than 3%. The guidelines by Blocken (2015)
introduced a new term called the directional blockage ratio,
and suggested the lateral horizontal and vertical directional
blockage to be less than 17%. Although these limitations of
directional blockages lead to a more conservative domain
dimensioning than the ones by Franke et al. (2007) and
Tominaga et al. (2008), they may be more suitable for stud-
ies on flow in extensive urban areas. The computational

© 2017 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. 38 (Suppl.1): e303–e322 (2018)
on behalf of the Royal Meteorological Society.
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Figure 2. (a) Location of Antwerp in Belgium (red), (b) location of the measurement sites and the urban park under study (Stadspark), (c) location
of the urban measurement station and aerial view of the surroundings and (d) location of the rural measurement station and aerial view of the

surroundings.

domain used in this study follows the more conserva-
tive recommendations by Blocken (2015) and its size
is determined as 6500× 6500× 420 m3 (L×W×Hdomain).
The dimension considers the maximum blockage ratio,
which is different for every wind direction. For the domain
used in this study, the maximum blockage ratio is 0.85%,
maximum lateral horizontal blockage is 16.8% and max-
imum vertical blockage is 14.3%, all of which are within
the recommended limits.

The grid (Figures 3(c) and (d)) is generated following
the aforementioned guidelines, and accordingly, at least
10 cells on the building and tree edges are used while
keeping the grid-stretching ratio below 1.3. The grid is first
generated on the ground plane and later extruded along the
height axis, based on the methodology introduced by van
Hooff and Blocken (2010). The resulting grid is composed
of 9 078 916 hexahedral cells.

3.2. Boundary conditions

Two of the flow boundaries on the outer faces of the
domain (Figure 3(a)) are specified as velocity inlets and

the other two as outlets with zero static gauge pressure.
The choice of inlet or outlet for a flow boundary depends
on the wind direction in the meteorological data. The top
part of the domain is specified as a free-slip wall with zero
normal gradients for all the variables. The ground and the
building surfaces are modelled as wall-type boundaries.

At the inlets, profiles for the mean wind speed
U(z)(m s−1), turbulent kinetic energy k(z)(m2 s−2) and
turbulence dissipation rat e 𝜀(z)(m2 s−3) are specified
based on the profiles by Richards and Hoxey (1993):

U (z) = u∗

𝜅
ln

(
z + z0

z0

)
(1)

k (z) = u∗
2

√
C𝜇

(2)

𝜀 (z) = u∗
3

𝜅
(
z + z0

) (3)

In these equations, 𝜅 (−)(=0.41) is the von Karman
constant, u* (m s−1) is the atmospheric boundary layer
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Figure 3. Computational domain. (a) View of the complete domain, (b) view of the explicitly modelled part of the domain with buildings, trees and
streets, (c) aerial view of the area of interest from south (Source: Google Maps) and (d) corresponding computational grid on buildings, street and

tree surfaces (total cell count: 9 078 916 cells).

friction velocity, z (m) is the height coordinate, z0 (m) is
the aerodynamic roughness length and C𝜇 (−) (=0.09) is
a model constant. The inlet air temperature is considered
uniform over the height.

At the walls, the standard wall functions (Launder and
Spalding, 1974) are used with the sand-grain-based rough-
ness modification (Cebeci and Bradshaw, 1977). The z0
of the implicitly modelled region is 0.25 m for East and
Southeast wind and 0.5 m for the remaining wind direc-
tions. The z0 of the ground surface inside the explicitly
modelled urban area is 0.03 m. Imposing appropriate and
consistent roughness parameters are necessary to obtain a
horizontally homogeneous boundary layer flow, with the
absence of streamwise gradients in the vertical flow pro-
files. To achieve this, the parameters kS (roughness height)
and CS (roughness constant) are specified based on their
appropriate relationship with z0. This relationship for the
commercial CFD software ANSYS Fluent 15 (ANSYS
Inc., 2013) is given by Blocken et al. (2007):

kS =
9.793 z0

CS
(4)

Apart from satisfying Equation (4), another limitation
is the requirement of ANSYS Fluent software that the kS

value cannot be larger than zp (m), which is the height of
the center of the wall adjacent cell. Based on the generated
grid, zp is 0.71 m in the implicitly modelled area and 0.11 m
in the explicitly modelled area. Consequently, for the cases
when the z0 is 0.5, 0.25 and 0.03 m, kS is specified as 0.7,
0.7 and 0.1 m, and the CS is specified as 7, 3.5 and 2.9,
respectively.

The ground plane of the domain is modelled implicitly
as a 10 m thick earth layer with zero heat flux at 10 m
depth (material and component properties are given in
Table 2). The materials used in the ground layers below
the streets without trees and below the streets with trees
are different. Below the streets without trees, a concrete
layer of 0.5 m is defined and further below, an earth layer
of 9.5 m is specified. Below the streets with trees, the
ground layer is composed entirely of earth material with
10 m thickness. Building walls are composed of lime-
stone, insulation material and brick with 0.15, 0.05 and
0.15 m thicknesses, respectively. The internal air inside the
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Table 2. The specifications of materials and components used in this study. The letter (s) denotes the surface material. The asterisk
mark (*) denotes that the value is based on the shading of the trees. Details of the shading are described in Section 3.3: Vegetation

model.

Material Density (kg m−3) Specific heat (J kgK−1) Thermal conductivity (W mK−2)

Earth 1400 1000 1.3
Concrete 2300 800 0.8
Brick 2165 900 0.9
Insulation 50 1200 0.03
Limestone 1090 908 1.3

Component Materials Thickness (m) Short-wave
absorptivity (−)

Long-wave
emissivity (−)

Ground (below trees) Earth (s) 10 0.15* 0.93
Ground (below streets) Concrete (s)/Earth 0.5/9.5 0.75 0.85
Building walls Limestone (s)/Insulation/Brick 0.15/0.05/0.15 0.80 0.91

buildings is assumed to be at constant 24 ∘C to resem-
ble air-conditioned spaces during summer. All wall-type
boundaries are modelled with 3D conduction equations.

3.3. Vegetation model

The tree crowns are modelled as volumetric porous zones
from 3 to 9 m high and vertically below the crowns,
the ground plane is modelled as shaded zones. For the
computational cells of these volumetric zones, source
terms are added to the transport equations of momen-
tum (Equation (5)) (from Green, 1992), turbulent kinetic
energy (Equation (6)) (from Liu et al., 1996) and turbu-
lence dissipation rate (Equation (7)) (from Sanz, 2003) as:

SUi
= −𝜌Cd LADUi U (5)

Sk = 𝜌Cd LAD
(
𝛽pU3 − 𝛽dUk

)
(6)

S𝜀 = 𝜌Cd LAD
𝜀

k

(
C𝜀4𝛽pU3 − C𝜀5𝛽dUk

)
(7)

In these equations, 𝜌 (kg m−3) is the density of air, Cd (−)
is the leaf drag coefficient, LAD is the leaf area density
(m2 m−3), Ui (m s−1) is the velocity component in direc-
tion i, 𝛽p (−) (=1.0) is the fraction of kinetic energy that
is converted into wake turbulence kinetic energy, 𝛽d (−)
(=5.1) is the coefficient responsible for the short-circuiting
of the eddy cascade and C𝜀4 and C𝜀5 (−) (=0.9) are empir-
ical constants. The same source terms (Equations (5)–(7))
were used in the previous studies to model the effect
of vegetation on flow (e.g., Balczó et al., 2009; Gromke
et al., 2015; Gromke and Blocken, 2015a, 2015b). In the
study by Gromke et al. (2015), the vegetation model using
these terms for the flow properties was validated with
the measurement data from Amiro (1990). The cooling
effect of the vegetation was validated with another set
of measurement data from an earlier study (Shashua-Bar
et al., 2009) considering steady-state simulations. In the
present study, the unsteady behaviour of vegetative cooling
has to be considered. For this purpose, a time-dependent
volumetric cooling power (Pc) (W m−3) is assigned to the

computational cells belonging to the tree crowns using
the following expressions (Jensen and Haise, 1963; Huang
et al., 1987; Allen et al., 1998a, 1998b):

ETeq,h =
Rh

𝜆 𝜌
(8)

ETP =
(
0.0252 Tt − 0.078

)
ETeq,h (9)

Pc = ETP 𝜌 𝜆(Wh)LAD (10)

where ETeq,h (m h−1) is the equivalent hourly evapotran-
spiration, Rh (MJ m−2h−1) is the incoming hourly solar
radiation per unit area, 𝜆 (MJ kg−1) is the latent heat
of vaporization, 𝜌 (kg m−3) is the density of water, ETP
(m h−1) is potential evapotranspiration, Tt (∘C) air tem-
perature at hour t, 𝜆(Wh) (Wh kg−1) is the latent heat of
vaporization in Wh terms and LAD is leaf area density
(m2 m−3).

The shading caused by the trees is modelled with the
following relationship:

𝛼shaded = 𝛼open (1 − SF) (11)

In this expression, 𝛼shaded (−) is the solar absorptivity
of the ground surface below trees, 𝛼open (−) is the solar
absorptivity of the same surface if it is not under tree
shade and SF (−) is the shading factor of the trees. The
SF determines the portion of solar radiation absorbed or
reflected by the trees and thus, (1− SF) denotes the amount
of solar radiation transmitted through the tree foliage.
To decrease the amount of solar radiation falling onto
the shaded ground boundaries, the absorptivity of these
surfaces is reduced in line with Equation (11). The average
shading factors of trees are obtained from McPherson
(1984) and Nowak (1996). For this study, a typical tree
(Fagus sylvatica) for Antwerp with a shading factor of 0.88
is considered.

3.4. Other computational settings

The CFD simulations are performed by solving the 3D
unsteady Reynolds-averaged Navier–Stokes (URANS)
equations with the realizable k–𝜀 turbulence model (Shih
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et al., 1995) for closure. The Boussinesq approximation is
employed for modelling buoyancy.

The P-1 radiation model (ANSYS Inc., 2013) is used for
radiation modelling and the Solar Calculator of ANSYS
Fluent is used for the time-dependent sun direction vec-
tor. The incident solar radiation falling onto a surface
has three components: the direct solar radiation, which
depends on the position of the sun and surfaces, the dif-
fuse sky radiation and the ground-reflected radiation. The
ground-reflected radiation is not calculated by consider-
ing the direction of the reflections. Rather, it is modelled
with a ground-reflectivity constant (rg) of 0.2 (Nkemdirim,
1972; ASHRAE, 2001; ANSYS Inc., 2013) and is imposed
on the vertical surfaces with the following expression pro-
vided by the 2001 ASHRAE Handbook of Fundamentals:

Er = Edirect (C + sin 𝛽) rg
(1 − cos 𝜀)

2
(12)

where Er is the additional radiation imposed to represent
the reflected portion of the solar radiation, Edirect is the
direct normal irradiation, C is a dimensionless ratio from
ASHRAE (2001) which is 0.136 for the month of July,
𝛽 is the solar altitude (in degrees), and 𝜀 is the tilt angle
with respect to the ground boundary, which is 90∘ for the
vertical surfaces.

The total incident solar radiation including the
ground-reflected portion is absorbed by the wall-type
boundaries based on the short-wave absorptivity of the
surface materials (Table 2). The radiation model calcu-
lates the emitted long-wave radiation based on the surface
emissivity and incident wall temperature. The long-wave
radiation emitted from the wall-type boundaries is emitted
only to the sky and not to other walls or tree foliage, which
is the biggest limitation of this radiation model.

Data from the rural measurement station are used for the
inlet boundary conditions of air temperature, wind speed
and wind direction, while data from the urban measure-
ment station is used for determining the solar radiation.
Pressure–velocity coupling is handled with the SIMPLEC
algorithm. Second-order discretization schemes are used
for all the convection, viscous and temporal terms. Sim-
ulations are performed with 15-min time steps, similar to
the measurement recording period. The time steps are cal-
culated with 600 iterations and the choice of iteration/time
step is based on a sensitivity analysis. The scaled residuals
at the end of each time step reached the following mini-
mum values: 10−5 for velocity components, 10−4 for k, 𝜀
and continuity and 10−7 for energy and radiation.

4. Evaluation of CFD simulation results
with measurement data

4.1. Evaluation of the vegetation model

The effect of vegetation on flow properties is modelled
based on the source and sink terms validated by Gromke
et al. (2015). For the cooling effect, a methodology for cal-
culating the hourly volumetric cooling power is presented
in Section 3.3. The suitability of this methodology is

evaluated using the measurement data from a field study,
which was conducted by Shashua-Bar et al. (2009) for
several courtyard configurations located in the Sde-Boqer
campus of Ben Gurion University in Israel. Shashua-Bar
et al. (2009) studied the effect of different landscape strate-
gies on air temperature measured inside the courtyards.
The measurement data were provided by the authors of
the two aforementioned papers, Shashua-Bar et al. (2009)
and Gromke et al. (2015). The data provided contains
information regarding the measurement setup, meteoro-
logical conditions during the measurement days and mea-
surement data obtained inside the courtyard of interest
(Figures 4(a)–(c)). The target parameter for the evaluation
is specified as the air temperature inside the courtyard.

3D URANS CFD simulations are performed and the air
temperature results are obtained at the same points as the
measurements are recorded (Figure 4(a)). The computa-
tional domain used for this study has a square base with
200 m edge length and a height of 30 m (Figure 4(b)). The
grid is generated based on the CFD best practice guidelines
and it is composed of 1 733 836 cells (Figure 4(d)).

An aerodynamic roughness length of z0 = 0.03 m is
set for the ground wall surrounding the courtyard with
kS = 0.1 m and CS = 3. Seventy percent of the courtyard
corresponds to the surfaces below the trees and the remain-
ing 30% has pavement material applied. The paving
material is 0.05 m thick with a density of 2000 kg m−3

and thermal conductivity of 2 W mK−1. Below the paving
materials, a 9.95 m thick earth layer is modelled. For the
surface covered by trees, no paving material is applied and
the ground is modelled entirely as a 10 m thick earth layer.
The absorptivity of the courtyard surfaces is reported by
Shashua-Bar et al. (2009) as a combination of soil and
pavement absorptivity, which is 0.65 (−). Building walls
are reported as 0.12 m thick, single layer of lightweight
concrete with 700 kg m−3 density, 0.2 W mK−1 thermal
conductivity, and 0.4 (−) absorptivity. In the study, there
are two types of trees (Figure 4(a)), namely Prosopis
juliflora and Tipuana tipu with LAD values of 1.5 m2 m−3

and 2.0 m2 m−3, respectively. All other numerical settings
regarding flow and heat transfer are the same as described
in Section 3.2, unless stated otherwise.

Meteorological conditions of wind speed, wind direc-
tion, air temperature and solar radiation are specified based
on the 10-min averaged data recorded at a meteorological
station approximately 400 m away from the measurement
courtyard. The measurements were conducted on 9 July
2007 with the same period of data recording. Simulations
are performed for 2 days, both of them with the same mete-
orological conditions of 9 July. The first day of simulations
is performed to initiate the cyclic behaviour of the ground
thermal storage and the results are compared only for the
second day. Similar to the measurement data set, the time
step size of the simulations is 600 s, the number of itera-
tions per time step is 600 and the total number of time steps
is 288. To evaluate the cooling effect, two sets of CFD sim-
ulations are performed, one with the trees in the courtyard
and the other without the trees.
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Figure 4. (a) A schematic representation of the study area and the measurement location, (b) the computational domain generated for the study
focusing on the same area, (c) picture from the measurement campaign (courtesy of Shashua-Bar et al., 2009) and (d) computational grid for the

courtyard, buildings and tree crown surfaces.

Simulation results are compared with the measurement
data in Figure 5. Figure 5(a) shows that CFD simulations
can repeat the diurnal trend of air temperatures with some
underestimation during the morning hours. Compared
to the reference meteorological conditions (inlet), the
average temperature in the courtyard for the whole day
was measured 0.11 ∘C less (with trees). The average
temperature in the courtyard for the same case with trees
is calculated with CFD as 0.25 ∘C less than the inlet
values. The CFD simulations without the trees results
in air temperatures that are 0.58 ∘C higher than the inlet
values. Figure 5(b) shows the diurnal trend in temperature
differences between measured data and CFD simulation
results: the maximum overestimation by CFD is +1.3 ∘C
(at 0320 LST), the maximum underestimation is −1.2 ∘C
(at 0710 LST), the average absolute temperature differ-
ence is 0.45 ∘C and the standard deviation is 0.33 ∘C. The
difference may be because of the modelled cooling power
of the trees in the morning hours is too high or because
of the walls inside the courtyard are warming slower
than in reality, which may indicate differences between
the actual material properties and those specified for the
CFD simulations. Although it is difficult to extract solid
conclusions from the simulations of a single day, based
on this evaluation, the vegetation model proposed can be

considered reliable within the aforementioned levels of
accuracy.

4.2. Evaluation of resulting air temperatures in Antwerp

With the computational settings explained in Section 3,
unsteady simulations are performed during 29–30 June
2013 in the Antwerp central area. The first day of the
simulations is considered to initiate the cyclic behaviour
of the ground thermal storage. The simulation results are
compared with the measurement data only for the second
day (30 June), focusing on air temperatures (∘C). Both
the measurement data and simulation results are collected
with 15-min time steps. Figure 6(a) demonstrates the
diurnal variation of air temperature for the urban and rural
measurements and for the CFD simulation results at the
same location of urban measurements. Even though CFD
simulations underpredict the measured air temperatures
during some hours, simulations seem to be able to repeat
the diurnal trend. Figure 6(b) displays the diurnal varia-
tion in air temperature differences between measurements
and CFD results. The maximum difference between the
measurements and CFD results is 1.6 ∘C (at 1845 LST),
the average absolute difference is 0.9 ∘C and the standard
deviation is 0.38 ∘C. Results show that CFD simulations
can be used for assessing urban thermal microclimate
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Figure 5. Comparison of CFD results of air temperature with the measurement data inside the courtyard of interest. (a) Diurnal variation in air
temperature for 9 July 2007 by measurements and CFD results and (b) diurnal variation in air temperature differences between measurements and

CFD results.

in Antwerp with the presented computational settings
and parameters.

5. Assessment of park cooling effect

The park cooling effect is investigated with simulations
using the same boundary conditions as in Section 4.2.
Three different cases with different geometry and grids
are used (Figure 7). The case-0 (base case) is with the
original Stadspark present. Case-1 contains an open space
instead of the park, similar to a public square and with-
out the trees of the Stadspark. The material properties of
the case-1 surfaces are modelled the same as the street sur-
faces. Case-2 contains buildings instead of the Stadspark.
The added buildings are all 13 m high, which is the average
building height in the area of interest, and they are placed at
the locations where the trees of the Stadspark are originally
positioned. The park cooling effect is evaluated as follows:
horizontal distribution of the cooling effect; vertical dis-
tribution of the cooling effect; and day- and night-time
distribution of the cooling effect.

5.1. Horizontal distribution of the park cooling effect

The horizontal distribution of the park cooling effect is
reported for 30 June 2013, 1500 in the afternoon. The

meteorological conditions in the rural area during this
time were: air temperature= 23.9 ∘C; friction velocity (u*)
=0.35 m s−1; U(H)= 5.4 m s−1, where H is the height of
the highest building.

The cooling effect is analysed for z= 1.5 m (pedestrian
height) and z= 6.0 m (middle of the tree crowns) and it is
demonstrated in Figure 8 and Figure 9, respectively.

Both figures clearly demonstrate the cooling effect in
the wake region. It is more profound in the regions close
to the Stadspark and in the regions enclosed by buildings,
where the local wind velocities are low. The park cool-
ing is noticeable over a larger area when buildings are
replaced by the urban park compared to the case where
the urban square is replaced by the park. In the case with
the urban square, there is still some level of cooling effect
compared to the case with the buildings. This is because
in the case with the square, the average wind velocities
are higher and thus, the surface temperatures are lowered
at a faster rate due to higher vertical heat exchange. In
addition, the surfaces of the open square have a lower
absorptivity than the building surfaces, leading to less
absorbed solar radiation on the wall-type boundaries. It
should be noted that the shading effect of the buildings on
the streets in their vicinities is quite low during noontime
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Figure 6. Comparison of CFD results of air temperature with the data from measurement station in Antwerp. (a) Diurnal variation in air temperature
for 30 June 2013 for meteorological data, urban measurements and CFD results and (b) diurnal variation in air temperature differences between the

measurements and CFD results.

(1100–1500 LST) when the solar zenith angle is higher
than the other times of the day.

Based on the contour plots, the intensity and the range
of the cooling is calculated both for z= 1.5 m and for
z= 6.0 m. The intensity of the cooling is based on the
highest air temperature difference present outside of the
park area. The range of the cooling is calculated based
on the maximum distance away from the park along the
wind direction vector, where a cooling of 0.1 ∘C is still
present.

For the horizontal cross-sectional planes at z= 1.5 m and
z= 6.0 m, the park cooling effect can be expressed as:

• Urban park replacing the square (for z= 1.5/6.0 m,
respectively)

• Intensity of the cooling: 2.7/2.4 ∘C
• Range of the cooling: 407/384 m

• Urban park replacing the buildings (for z= 1.5/6.0 m,
respectively)

• Intensity of the cooling: 3.4/3.0 ∘C
• Range of the cooling: 498/482 m

5.2. Vertical distribution of the cooling effect

Similar to the horizontal distribution, the vertical distribu-
tion of the cooling effect is also investigated for 1500 LST
and by focusing on air temperature differences between
different cases. The investigation is carried out in two
planes: (1) a 300× 50 m2 (length× height) plane located
in an avenue named Quellinstraat (Figure 10) and (2) a
500× 50 m2 (length× height) plane in line with the pre-
vailing wind direction (Figure 11).

Figure 10 confirms the finding from the horizontal dis-
tribution as the cooling effect is more profound in terms of
spatial distribution when the base case is compared with
the case with the buildings. Vertically, the cooling effect is
more profound at lower heights. This can be attributed to
two reasons: (1) due to the convection, the cooler, denser
air is located at lower heights, close to the ground and (2)
as the wind velocities close to the ground are smaller, the
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Figure 7. Representation of the comparison cases. (a) Base case with the park, (b) case-1 with the square instead of the park and (c) case-2 with the
buildings instead of the park.

cooled air stays more concentrated. The cooling effect in
the avenue investigated has a range of cooling less than
300 m, which is less than the maximum reported in the
horizontal distribution part. This is because the avenue is
not perfectly in line with the wind direction and therefore
cannot be considered as fully in the wake of the park inves-
tigated. Because of this misalignment, the range of the
cooling effect is limited. In Figure 11, an extended range
of the cooling effect is demonstrated as the investigation
plane in this figure is positioned parallel to the prevailing
wind direction.

5.3. Distribution of the cooling effect during the day
and night

The distribution of the cooling effect during the day and
night is analysed by investigating the results from differ-
ent cases at z= 1.5 m height and along the same avenue as
in the investigation of the vertical distribution. Air temper-
ature data are monitored along the avenue for 1500 LST
at daytime and for 0000 LST at nighttime. The meteoro-
logical conditions in the rural area at 0000 LST were: air
temperature= 19.0 ∘C; friction velocity (u*)= 0.25 m s−1;
U(H)= 3.9 m s−1, where H is the height of the highest
building.

Similar to the prior sections, the results are subtracted
from the base case results. Figures 12(a) and (b) show the
results of temperature differences between the base case
and the case with square and between the base case and
the case with buildings.

Concerning the base case comparison with the case
with square, the cooling effect at daytime (1500 LST) is
noticeable close to the park and it diminishes within 200 m.
During night-time, however, the cooling effect is replaced
by a park warming effect. This effect is not observed when
the base case is compared with the case with the buildings.

During night-time, the volumetric cooling power of the
trees is zero. In all three cases investigated, the avenue of
interest receives the exact same solar radiation. Therefore,
this warming effect can be explained only by the effect of
the park trees and the buildings on the wind flow. When

the approach flow in the avenue of interest is obstructed
by the park trees and the buildings, the flow characteristics
(i.e., mean wind speed and turbulent kinetic energy) are
affected. Mean wind speed and turbulent kinetic energy
affect the average surface heat transfer coefficient of the
avenue (Blocken et al., 2009), which in turn influences
the vertical heat exchange mechanism. CFD simulation
results of the nighttime (0000 LST) air temperature, wind
speed, turbulent kinetic energy and convective heat trans-
fer coefficient in the avenue in the wake of the park are
summarized in Table 3 for different cases. The results indi-
cate that the unobstructed approach flow in the case with
the square, results in a higher heat transfer coefficient on
the street surfaces and thus, in a higher vertical heat trans-
fer rate (convective cooling), leading to a lower night-time
air temperature compared to other cases. Therefore com-
pared to the case with the urban square, park trees can
increase air temperatures in their wake during night-time.
This effect caused by the park might be beneficial for
buildings in its wake if these buildings require heating
during the night-time. The reduced night-time air temper-
atures in the case with the urban square compared to other
cases might be even more distinct if the long-wave radi-
ation heat exchange between building and tree surfaces
were also considered.

It should be noted that one major physical process which
is omitted in the simulations is the long-wave radiation
heat exchange between opaque surfaces. In reality, build-
ing walls, tree foliage and the ground surfaces in the park
region would be involved in the long-wave radiation heat
exchange, which would have amplified the air temperature
in the park region by trapping additional heat below the
tree canopies, especially during the night-time.

6. Discussion

6.1. Comparison with prior research

Based on the overview of previous studies provided in
Table 1, we compiled Figure 13, which compares the
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Figure 8. Horizontal distribution of the cooling effect for 30 June 2013 at 1500 LST, focusing at z= 1.5 m. (a) Representation of the horizontal
cross-sectional plane and the wind direction at 1500 LST, (b) contours of air temperature for the base case with the urban park, (c) contours of air
temperature difference between the base case and the case with square and (d) contours of air temperature difference between the base case and the

case with buildings.

results from previous studies with those from the present
study. In Figure 13, the park sizes are demonstrated by the
size of the corresponding circle, and horizontal and ver-
tical axes indicate the reported range and intensity of the
cooling effect, respectively. Studies with several park con-
figurations are depicted separately where every subconfig-
uration is denoted with a superscript (e.g., HT1 denotes the
first configuration by Honjo and Takakura, 1990). Among
the studies reported in Table 1, the study by Dimoudi and
Nikolopoulou (2003) is not shown in Figure 13 as the parks
considered were much smaller than the other studies and

the study by Müller et al. (2014) is not shown as the results
were reported based only on the physiologically equiva-
lent temperature. Among the studies shown in Figure 13,
the study by Honjo and Takakura (1990) is conducted on
a two-dimensional domain and the range of the cooling is
reported in unit of meter. The study by Ca et al. (1998)
reports the range of cooling in unit of km2 and the range
(m) reported in Figure 13 is based on the square root of the
areal range of the cooling reported. For the present study
(PS), PS1 denotes the results from the comparison of the
base case to the case with the square whereas PS2 denotes
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Figure 9. Horizontal distribution of the cooling effect for 30 June 2013 at 1500 LST, focusing at z= 6.0 m. (a) Representation of the horizontal
cross-sectional plane and the wind direction at 1500 LST, (b) contours of air temperature for the base case with the urban park (c) contours of air
temperature difference between the base case and the case with square and (d) contours of air temperature difference between the base case and the

case with buildings.

the results from the comparison of the base case to the case
with buildings.

The ranges (L) (m) and intensities (ΔT) (∘C) of the cool-
ing reported by the present study and those by Honjo
and Takakura (1990), Yu and Hien (2006)(YH) and Gold-
berg et al. (2013) are fitted with a polynomial of the form
ΔT = aL+ bL2. The constants a (∘C/m) and b (∘C/m2) are
determined by root mean square fitting. This fitting yields
this tentative relationship: −ΔT =−(192L+L2)10−5.

Some studies expressed in Figure 13 do not fit the
tentative curve. Two of these studies, namely Upmanis
et al. (1998) and Saito et al. (1991), are measurement

studies where the ranges of the park cooling effect are not
calculated exactly and the actual ranges can be higher than
the reported ones if the measurement stations were to be
located at different sites in the wake of the park. Three
other studies, namely Chow et al. (2011), Declet-Barreto
et al. (2013) and Duarte et al. (2015), are CFD studies
with computational domains, which were not large enough
to capture the full range of the park cooling effect. If
the measurement and CFD studies were aimed at cap-
turing the full range of the park cooling effect, their
outcomes might have been closer to the tentative curve
proposed.

© 2017 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. 38 (Suppl.1): e303–e322 (2018)
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Figure 10. Vertical distribution of the cooling effect, focusing on a 300× 50 m2 plane, located in an avenue in the wake of the park. (a) Representation
of the vertical cross-sectional plane and the wind direction at 30 June 2013, 1500 LST, (b) contours of air temperature for the base case with the
urban park, (c) contours of air temperature difference between the base case and the case with square and (d) contours of air temperature difference

between the base case and the case with buildings.

Figure 11. Vertical distribution of the cooling effect, focusing on a 500× 50 m2 plane, positioned in line with the prevailing wind direction. (a)
Representation of the vertical cross-sectional plane and the wind direction at 30 June 2013, 1500 LST, (b) contours of air temperature for the base
case with the urban park, (c) contours of air temperature difference between the base case and the case with square and (d) contours of air temperature

difference between the base case and the case with buildings.

© 2017 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd Int. J. Climatol. 38 (Suppl.1): e303–e322 (2018)
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Figure 12. Day and night distribution of the cooling effect, focusing on a 300 m long line, located in the avenue in the wake of the park (z= 1.5 m).
(a) Air temperature differences between the base case and the case with square for 1500 and 0000 LST and (b) air temperature differences between

the base case and the case with buildings for 1500 and 0000 LST. Both of the investigated times are within 30 June 2013.

Table 3. CFD simulation results of the night-time (0000 LST) air temperature (∘C), wind speed (m s−1), turbulent kinetic energy
(m2 s−2) and convective heat transfer coefficient (W m−2K−1) as recorded in the avenue in the wake of the park, for different cases.

Case Air temperature
(averaged at z= 1.5 m) (∘C)

Wind speed
(averaged

at z= 1.5 m) (m s−1)

Turbulent kinetic
energy (averaged at
z= 0.11 m) (m2 s−2)

Convective heat
transfer coefficient

(averaged over
the avenue

surface) (W m−2 K−1)

Case 0 (with the park) 19.5 1.49 0.095 10.4
Case 1 (with the square) 19.1 2.34 0.109 11.9
Case 2 (with the buildings) 19.7 1.76 0.084 9.8

Compared with prior CFD studies on the topic, the find-
ings of this study demonstrate a higher cooling potential
of the park considering both the range and the intensity
of the cooling. This may be because of different park
sizes, limited size of the computational domains used
in the previous studies and/or because of differences in
flow conditions. Future CFD studies on the topic should
ensure that the explicitly modelled areas in their domains
are large enough to capture the full range of the cooling
effect.

The cooling effect from an urban park with the same size
can vary if located in an urban area in a different climate
(e.g., as categorized according to the Köppen Climate
Classification System (Strahler and Strahler, 1984). A

similar concern can be mentioned for the atmospheric
stability conditions. All the CFD studies in Figure 13
including the present study considered neutral atmospheric
conditions. The majority of the measurement studies did
not disclose the relevant atmospheric stability conditions.
Future studies can propose different curves to the one
provided in Figure 13 based on different climate classifi-
cations and/or different atmospheric stability conditions.

The tentative relationship established in this study
should not be used as a tool for calculating the potential
cooling effect of other urban parks in different parts of
the world. Rather, this relationship should be used as a
comparison for the outcomes from new studies focusing
on different urban parks. With more data to fit into this
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on behalf of the Royal Meteorological Society.



THE EFFECT OF ANTWERP URBAN PARK ON NEARBY MICROCLIMATE e319

Figure 13. Overview of studies investigating the park cooling effect. Black circles are for measurement studies (denoted with Ca, HO, S, U), grey
circles are for CFD studies (denoted with C, D, D-B, G, HT, YH) and the orange circle is for the present study (denoted with PS). The circles
are positioned based on the range (L) (m) and the intensity (ΔT (∘C) of the cooling reported. The circles are sized based on the areas of the parks
investigated. A tentative relationship ΔT =−(192L+ L2)10−5 is established, which can be used to determine the relationship between the range and
intensity of the park cooling effect. The numeric superscripts (1, 2, 3, 4) stand for the subconfigurations tested in the studies. Other superscripts
denote: a: Studies performed on 2D domains; b: Studies where the range of the cooling is reported in m2; c: Studies where the range of the cooling is
not specifically evaluated and thus the value reported can be higher than indicated. The abbreviated studies are for: HT: (Honjo and Takakura, 1990),
S: (Saito et al., 1991), Ca: (Ca et al., 1998), U: (Upmanis et al., 1998), YH: (Yu and Hien, 2006), HO: (Hamada and Ohta, 2010), C: (Chow et al.,

2011), G: (Goldberg et al., 2013), DB: (Declet-Barreto et al., 2013), D: (Duarte et al., 2015) and PS is for the present study.

curve, future studies can improve the tentative relationship
proposed.

6.2. Study limitations and future perspectives

The urban measurement station used in this study is located
on top of a building roof and this may have limitations in
capturing the heat transfer mechanism occurring close to
the ground level. However, the readings from this station
are compared to the readings from a nearby site with min-
imal differences. Therefore, the readings from the urban
measurement station are considered as capable of repre-
senting urban meteorological conditions.

In both of the evaluations for the performance of the
vegetation model and for the resulting air temperatures in
Antwerp, the focus is on a single point on specific days of
interest. This evaluation can be strengthened by increasing
the number of measurement stations and measurement
days for comparison.

The profiles related to flow parameters (U, k and 𝜀) are
valid for a neutrally stratified atmospheric boundary layer.
To take into account different atmospheric stability condi-
tions, profiles for stable or unstable conditions can be used
(Panofsky and Dutton, 1984; Pieterse and Harms, 2013).
On the other hand, Blocken et al. (2007) mentioned that
such profiles for different stability conditions might lead to
flow inhomogeneity. A similar concern regarding the inlet
conditions is for the lack of a dedicated temperature pro-
file. Due to the constant uniform temperatures imposed at
the inlets, the actual flow field in the urban area of interest
might be different in reality.

One major limitation of the performed CFD simulations
is regarding the radiation modelling. The long-wave
radiation heat exchange between opaque surfaces is not
considered in the simulations, which may have led to
temperature discrepancies especially in the night-time
results. Although it is hard to quantify the precise effect
of this limitation on the night-time temperature results, an
estimate can be made for the discrepancy in the outgoing
long-wave radiative heat flux (qL,O). Under the night-time
conditions imposed in the CFD simulations, in the middle
of the park (away from the surrounding buildings), the
surface temperature is 20.1 ∘C. Since the simulations con-
sider park surfaces to emit radiation to the sky (i.e., with
a sky view factor (SVF) of 1), with a surface emissivity
of 0.93 and a sky temperature of 0 ∘C, this would lead
to a qL,O of 96 W m−2. Since the air temperature at the
tree canopy bottom (at z= 3 m) is 19.3 ∘C, with a realistic
SVF of 0.7 and assuming bottom tree canopy temperature
equal to local air temperature, the actual qL,O is 68 W m−2.
Future studies can consider implementing more advanced
radiation models, possibly with view factors, to avoid
such discrepancies.

Neglecting humidity (mass transfer) is another limitation
as this would require proven boundary conditions for urban
microclimate simulations at the expense of additional com-
putational cost. Future studies on the topic can develop
approaches where mass transfer is resolved inside the com-
putational domain and trees are represented in the mass
transfer analysis with dedicated source terms.

For a more advanced evaluation of the vegetation model,
further experimental data focusing on the cooling potential
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of trees is required. Currently, one major limitation of the
vegetation model is that the tree leaves are considered
to have constant access to a water source. In reality, this
would be valid only if the trees were irrigated regularly.

7. Summary and conclusions

This study investigates the cooling potential of an urban
park in the central region of Antwerp, Belgium based on
two parameters: (1) intensity of the cooling effect, desig-
nating the maximum reduction in air temperature caused
by the urban park and (2) range of the cooling effect, desig-
nating the maximum horizontal distance where the cooling
effect is present.

CFD simulations in this study are performed using the
3D URANS equations and by coupling wind flow with
heat transfer. All conductive, convective and radiative heat
transfer processes are considered with the exception of
the long-wave radiation heat exchange between opaque
surfaces. Separate simulations are performed to evaluate
the (1) vegetation model used in this study, (2) simulated
air temperatures in central Antwerp with measurement
data and (3) park cooling effect.

The evaluation of the vegetation model is conducted
by numerically reproducing an earlier experimental study
investigating the cooling potential of trees. The CFD simu-
lations are found to be able to predict measured air temper-
atures with fairly good accuracy, with an average absolute
temperature difference between the measurements and the
CFD results of 0.45 ∘C.

The CFD simulations considering the Antwerp central
area are first performed to predict air temperatures in the
same area. The resulting air temperatures are compared
with the measurement data for 30 June 2013. According
to the results, the maximum difference between the mea-
surements and CFD results is found to be 1.6 ∘C and the
average absolute difference is 0.9 ∘C.

Later, CFD simulations considering the central Antwerp
area are performed for three cases: (1) the base case with
the park, (2) the case with an open square instead of the
park and (3) the case with representative buildings instead
of the park. Based on the comparison of different cases,
the following conclusions can be made:

• The urban park investigated can decrease air tempera-
ture in its wake region with respect to the prevailing
wind compared with the cases where the park is replaced
by an urban square or by building blocks;

• The cooling effect of the park can be expressed as (at
z= 1.5 m):

• When the urban park replaces the urban square at the
same location

• Intensity of the cooling: 2.7 ∘C
• Range of the cooling: 407 m;

• When the urban park replaces the building blocks at
the same location

• Intensity of the cooling: 3.4 ∘C
• Range of the cooling: 498 m;

• The cooling effect of the park in its wake is found to be
more profound in regions close to the ground;

• Different than the daytime cooling effect, the park inves-
tigated has the potential to increase air temperatures by
0.9 ∘C at the night-time (0000 LST).

Future studies can evaluate the park cooling effect by
focusing on cities with different climatic conditions. In
addition, future CFD studies on the topic can focus on
incorporating mass transfer in addition to wind flow and
heat transfer for a more realistic and thorough representa-
tion of urban microclimate.
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