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Abstract

Urban greening strategies are increasingly being em-
ployed to provide natural cooling in cities and to
mitigate the Urban Heat Island effect (UHI). In this
study, we investigate the influence of environmental
factors such as wind speed, relative humidity and so-
lar radiation on cooling potential of a tree. Further-
more, we investigate the influence of tree height on
the microclimate. A parametric study is performed
using a coupled CFD and vegetation model, where
the tree is modeled as a porous medium. The aim
of the study is to determine how these parameters
influence the capacity of vegetation to cool its en-
vironment. The study shows that the tree provides
maximum cooling at low wind speed, low humidity,
low radiation level and large tree height.

Introduction

Vegetation in the urban environment is increasingly
being utilized to mitigate the Urban Heat Island
(UHI) which is growing due to increasing urbaniza-
tion. Trees in cities improve thermal comfort as they
provide shading below the crown. Moreover, they
extract heat from the air through the phase change
of liquid water to water vapor, which occurs at the
leaves (Defraeye et al., 2013). Typically, urban micro-
climate models employ a simplified empirical param-
eterization to represent vegetation. The estimation
of cooling potential of vegetation using such models
can make that some physical phenomena are not fully
captured, such as the spatially varying cooling perfor-
mance of vegetation.

The interaction between vegetation and the environ-
ment is a multi-physical phenomenon. Vegetation
exchanges momentum, heat and mass with the air.
The heat and mass exchanges can be modeled us-
ing various approaches of varying levels of complex-
ities and accuracies. The big-leaf approach treats
vegetation as one bulk leaf (Penman and Schofield,
1951; Shuttleworth and Wallace, 1985; Sellers et al.,
1996), a dual-leaf model differentiates the sunlight
from the sun-shaded leaf side (Dai et al., 2004) and
a multi-layer canopy model can improve the verti-
cal heterogeneity (Dolman, 1993; Krayenhoff et al.,
2014; Leuning et al., 1995; Ryder et al., 2014; Wang

and Jarvis, 1990). A computational fluid dynamics
(CFD) approach (Hiraoka, 2005; Liang et al., 2006)
was also used to solve the interaction between vege-
tation and environment, and provides a better under-
standing of the spatial (vertical and horizontal) vari-
ations in the temperature change due to vegetation.
Such approaches have been used to study the influ-
ence of vegetation in urban areas (Bruse and Fleer,
1998; Gromke et al., 2014; Robitu et al., 2006). How-
ever, to the authors’ knowledge, few studies have been
performed to investigate the cooling performance of
a tree, such as the study by Hiraoka (2005). Fur-
thermore, a rigorous study on the influence of en-
vironmental properties such as wind speed, relative
humidity and radiation on the performance of a tree
and the resulting environmental cooling is lacking.

In this study, we investigate the transpirative cool-
ing potential of a tree on the environment using a
coupled airflow and vegetation model. The leaf tem-
perature is assumed to be above the dew point and
therefore the evaporation of the droplets from the leaf
surface is not considered. The model implemented in
the present study can eventually be extended for an
arbitrary number of trees to study the influence of
vegetation in cities. Furthermore, the present model
can also be extended to study the water cycle through
the plant and the soil, which is driven by the tran-
spirative process. This is important as the transpi-
ration rate through the stomata is directly linked to
the water availability at the roots. Furthermore, the
proposed method can help us to understand the re-
sponse of vegetation during extreme environmental
conditions such as drought and provides a more ac-
curate prediction of the cooling performance.

Materials and methods

Mathematical formulation

The flow around and through vegetation is mod-
eled using a computational fluid dynamics (CFD)
approach where vegetation is modeled as a porous
medium. Source terms in the CFD model are used to
quantify the mass, momentum and energy exchanges
with vegetation. The vegetation model, which con-
sists of the leaf energy balance model, is solved to-
gether with the airflow to determine the heat and
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mass fluxes.

Flow of moist air

The turbulent flow of moist air around and through
vegetation is modeled using incompressible Reynolds-
Averaged Navier-Stokes (RANS) equations with a re-
alizable k − ε turbulence closure model. The conser-
vation equations are (Hiraoka, 2005; Robitu et al.,
2006; Bruse and Fleer, 1998; Kenjereš and Ter Kuile,
2013):
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where u [m s−1] is the velocity vector, P [Pa] the
hydrostatic pressure, T [K] the air temperature, q
[kg kg−1] the specific humidity, k [m2 s−2] the tur-
bulent kinetic energy (TKE) and ε [m2 s−3] the TKE
dissipation rate (TDR). The production of TKE is de-
fined as Pk = 2νt|S|2 [m2 s−3], where S = 1/2 [∇u +

(∇u)
T

] [s−1] is the mean strain rate tensor. The en-
vironmental constants are density of air ρ = 1.225
kg m−3, kinematic viscosity ν = 1.45 × 10−5 m2 s−1,
gravitational acceleration g = (0, 0,−9.81) m s−2, the
thermal expansion coefficient β = 3 × 10−3 and the
specific heat capacity of air cp = 1003.5 J kg−1 K−1.
The Prandtl number, the Schmidt number, the tur-
bulent Prandtl and the turbulent Schmidt number
are Pr = 0.9, σ = 0.9, Prt = 0.7 and σt = 0.7,
respectively. The source terms are described in the
following section.

Source terms for vegetation

Vegetation is discretized into finite volumes where the
total amount of leaves per given volume is defined
by the leaf area density (LAD), the total one-sided
surface area of the leaf per given volume. The heat
and mass exchanges between vegetation and air are
solved in each of these finite volumes and provide the
source terms in the air flow model. The source of
mass Sρ [kg m−3 s−1] is:

Sρ = LAD · E (7)

where E [kg m−2 s−1] is transpiration of water vapor
from vegetation (Hiraoka, 2005). The source of mo-
mentum Su [N m−3] is:

Su = −ρcdLAD |u|u (8)

where cd = 0.2 is the leaf drag coefficient (Wilson and
Shaw, 1977). The Reynolds number is assumed to be
high enough to neglect the viscous drag of the leaves
(Judd et al., 1996; Li et al., 1990; Liu et al., 1996).
Furthermore, the momentum change of the flow due
to transpiration is assumed to be negligible in com-
parison to the body forces exerted by vegetation.
Therefore, a divergence-free constraint is enforced on
the velocity-pressure coupling (Hiraoka, 2005). The
source terms, Sk [W m−3] and Sε [W m−3 s−1], are:

Sk = ρCdLAD
(
βp|u|3 − βd |u| k

)
(9)

Sε = ρCdLAD
(
C4εβp|u|3

ε

k
− C5εβd |u| ε

)
(10)

where βp = 1.0, βd = 5.1, C4ε = 0.9 and C5ε =
0.9 (Katul et al., 2004; Sanz, 2003; Kenjereš and Ter
Kuile, 2013). The source of temperature ST [W m−3]
due to heat exchange is:

ST = LAD ·Qs (11)

where Qs [W m−2] is the sensible heat flux from veg-
etation into the air. The source of specific humidity
Sq [kg kg−1 s−1] into the flow is:

Sq = LAD · E/ρ (12)

Leaf energy balance

To determine the heat and mass fluxes between veg-
etation and air, a leaf energy balance is used. The
leaf energy balance solves for a steady-state condi-
tion at which the exchanges between vegetation and
air have reached an equilibrium rate (Boulard et al.,
2008; Bruse and Fleer, 1998; Dauzat et al., 2001; Hi-
raoka, 2005):

Rn = LAD · (λE +Qs) (13)

where Rn [W m−3] is the net absorbed radiative heat
flux density and λE ≡ Ql [W m−2] is the latent heat
flux with a latent heat of vaporization of λ = 2500
kJ kg−1. The net absorbed radiation is modeled using
a semi-empirical approach and is defined as:

Rn = Rsw ,n +Rlw ,n (14)

where Rsw ,n [W m−3] is the net absorbed short-wave
radiation and Rlw,n [W m−3] is the net absorbed long-
wave radiation (Kichah et al., 2012). The net ab-
sorbed short-wave radiation is:

Rsw ,n = ∇ ·Rsw =
Rsw (z2)−Rsw (z1)

dz
(15)
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Figure 1: Simulation domain at the vicinity of the porous vegetation (green) with H = 1 m and, showing every
5th cell nodes of the mesh.

where Rsw [W m−2] is the short-wave radiation at a
given height z:

Rsw,n = Rsw,0 exp

{
−k
∫ H

0≤z≤H
LAD dz

}
(16)

where Rsw,0 [W m−2] is the above-canopy short-wave
radiative heat flux, assuming a sun at 90◦ altitude
at noon and k = 0.78 is the short-wave radiation ex-
tinction coefficient (Kichah et al., 2012; Baille et al.,
2006). The short-wave radiation is assumed to be
varying only in the vertical direction. The net ab-
sorbed long-wave radiation is:

Rlw ,n = Clw
Rlw

H
(17)

where Clw = 0.04, the ratio of downward long-wave
radiation and upward long-radiation at the top of
vegetation, Rlw = 350 W m−2, the above-canopy
downward long-wave radiation for a sky temperature
Tsky = 15 ◦C and H = 1 m, the height of the canopy.
The sensible heat flux is defined as:

Qs = 2ρcp
Tl − T
ra

(18)

where Tl [K] is the leaf surface temperature and ra
[s m−1] is the aerodynamic resistance (Dauzat et al.,
2001; Robitu et al., 2006):

ra = C

(
l

|u |

)1/2

(19)

where l [m] is the characteristic leaf size and C = 130
s0.5 m−1 is the proportionality factor (Dauzat et al.,
2001). The latent heat flux is:

Ql = λ · ρ ql − q
ra + rs

(20)

where ql [kg kg−1] is the specific humidity at the sur-
face of the leaf at the saturated vapor pressure con-
dition with the leaf temperature of Tl. A constant
stomatal resistance rs = 150 s m−1 is used in this
study (Kichah et al., 2012). The energy balance (13),
is satisfied by determining the leaf temperature:

Tl = T +
ra

2ρcp

(
Rn

LAD
−Ql

)
(21)

and requires an iterative procedure as Ql is dependent
on the leaf temperature.

Numerical model

The mathematical model of the coupled CFD and
vegetation model is implemented into the Open-
FOAM finite volume solver (Weller et al., 1998). The
fluid domain is discretized into control volumes where
the conservation equations and the leaf energy bal-
ances are solved together. The RANS equations are
solved using a SIMPLE pressure-velocity coupling al-
gorithm and a Boussinesq approximation is used to
take into account the buoyancy force. The diffusive
terms are discretized using second-order central dif-
ferencing scheme and the convective terms are dis-
cretized using a second-order linear upwind scheme.
The convergence criteria for residuals is ensured to
be less than 10−8, satisfying the conservation of heat
flux in the domain. The numerical method is vali-
dated with real life experimental and numerical study
of impatiens pot plants (jewelweed) in a greenhouse
by Kichah et al. (2012).

Simulation domain

The simulation was performed in 2D, past a single
square-shaped tree. The present mathematical model
however can easily be extended to 3D with arbitrary
number of trees (vegetation). Figure 1 shows the 2D
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Figure 2: Influence of a single tree on the flow field: a) Normalized mean velocity norm |u|/Uref , b) temperature
change T − T0 [◦C] and c) specific humidity q

[
g kg−1

]
. The inlet conditions are Uref = 1 m s−1, T0 = 30 ◦C,

RH = 60% and Rsw = 800 W m−2. The dashed outline indicates the region containing the tree foliage.

simulation domain with a 1× 1 m2 tree of a height
H = 1 m, with a leaf area density LAD = 10 m2 m−3

and a leaf size l = 0.1 m.
The computational domain dimension and the nu-
merical scheme are chosen based on urban physics
best practice (Blocken, 2015; Franke et al., 2007;
Tominaga et al., 2008). Additionally, a grid sensi-
tivity analysis was performed to determine the re-
quired mesh resolution of 40 000 cells (Figure 1) with
a cell-to-cell expansion ratio from the boundary of the
porous region to the outflow, inlet, ground and top
boundaries of 1.05, 1.05, 1.05 and 1.15, respectively.

Boundary conditions

The vegetation is immersed into an atmospheric
boundary layer (ABL) (Richards and Hoxey, 1993):

u (z) =
u∗
κ

ln

(
z + z0
z0

)
(22)

k (z) =
u2∗√
Cµ

(23)

ε (z) =
u3∗

κ (z + z0)
(24)

where u∗ [m s−1] is the friction velocity with Uref = 1
m s−1 at Href = 1 m (U10 = 1.593 m s−1), κ = 0.41,
Cµ = 0.09 and z0 = 0.0217 m. Additionally, the inlet
conditions are prescribed as T (z) = T0 = 30 ◦C and
q (z) = q0 at a relative humidity of RH = 60 %. A no-
slip adiabatic wall boundary condition with standard
wall function is used for the ground surface. The adia-

batic wall removes the thermal influence of the ground
when quantifying the cooling power of vegetation. A
zero normal gradient is used for specific humidity. At
the top of the domain, a symmetric boundary condi-
tion is used and all other variables with zero normal
gradient boundary condition. The outlet of the do-
main is a pressure outlet with zero static pressure
and zero normal gradients for all other variables and
assumes that the flow is fully developed.

The parametric study is performed by varying inlet
boundary conditions and the vegetation size. The
inlet conditions that are varied are the wind speed
Uref = [0.1, 0.25, 0.5, 0.75, 1, 2, 3, 5] m s−1, the
relative humidity RH = [20, 30, 40, 50, 60, 70, 80,
90, 95] % and the solar radiation Rsw = [100, 400,
800, 1000] W m−2. The tree height is varied as H̃ =
[1H, 2H, 3H, 5H] m. These parameters are chosen
as they are assumed to have the largest impact on the
cooling performance of vegetation.

Results and discussion

The impact of vegetation on the urban microclimate
is studied firstly by investigating the change in flow
field. Thereafter, the influence of the wind speed,
relative humidity, solar radiation and tree height on
the cooling performance is investigated.

Flow field

The influence of a tree on the flow is determined by
investigating the velocity, temperature and humidity.
Figure 2 shows the normalized mean velocity norm
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|u|/Uref , the air temperature change T − T0 [◦C] and
the humidity ratio q [g kg−1]. Note that the overbar
is omitted for convenience. The velocity field shows
that the vegetation reduces the wake velocity to more
than half the inlet velocity. In addition, the transpi-
rative cooling reduces the air temperature by nearly
1 ◦C and increases the humidity ratio by 0.7 g kg−1.
The maximum reduction in temperature occurs at the
bottom of the foliage whereas the maximum humid-
ity rise occurs at the top of the vegetation. However,
we also observe that there is slight increase in the air
temperature at the top of the tree (z/H = 1.5) as the
temperature rises above 30 ◦C. This is because the
canopy is directly exposed to solar radiation which
results in an increased leaf temperature. As a result,
there is a rise in air temperature at the top of vege-
tation.

Parametric study

The parametric study is performed by varying the
wind speed, relative humidity, solar radiation and tree
height independently and keeping all other variables
constant. The response to these variations gives in-
sight on their influence and, furthermore, enables an
accurate prediction of the cooling potential of vege-
tation.

Influence of wind speed

The influence of wind speed on the cooling provided
by the tree is studied by investigating the change in
air temperature T − T0 [◦C] behind the vegetation.
The vertical profile is sampled at x/H = 1.5 ( 1H
m behind the tree) from z/H = 0 to z/H = 4 for
various wind speeds (Figure 3).
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Figure 3: Influence of wind speed Uref

[
m s−1

]
on

the air temperature change T − T0 [◦C] for vertical
profiles extracted behind the tree at x/H = 1.5.

Figure 3 shows that the cooling occurs predominantly
at lower heights (z/H < 1.5), near the tree foliage.
At higher heights, we see that in some cases the air
temperature rises above the inlet temperature. This
is because the top of vegetation is directly exposed to
solar radiation which results in a high leaf tempera-
ture and thereby results in an increase of air temper-
ature (Figure 2b).
Furthermore, Figure 3 shows that the maximum cool-

ing is observed at the lowest wind speed (Uref = 0.1
m s−1) at z/H ≈ 0.5. However, simultaneously the
maximum rise in air temperature is also observed, at
z/H ≈ 1.75. This occurs because the heat extracted
from the air with respect to the total enthalpy con-
vected through the domain is higher for lower veloc-
ity. The Stanton number measures this ratio of heat
transferred into the fluid to the total enthalpy of the
air that is convected:

St =
h

ṁcp
=

h

ρucp
(25)

where h [W m−2 K−1] is the average convective heat
transfer coefficient of the leaves and ṁ [kg s−1 m−2]
is the mass flux in the domain. Substituting (18) and
(19) into Stanton number (25) gives:

St =
2

C l1/2

(
1

u

)1/2

(26)

and we see that the Stanton number is simply propor-
tional to the inverse root of the wind speed. The Stan-
ton number is St = 1.16 at Uref = 0.1 and St = 0.16
at Uref = 5 m (Figure 3). Thus, a low wind speed
results in a larger change in air temperature.

Influence of relative humidity

Figure 4 shows the influence of relative humidity RH
on the air temperature. It is clear that maximum
cooling provided by the vegetation occurs at low RH,
with peak temperature drop of T − T0 ≈ −1.4 ◦C at
RH = 20 %. Above RH = 80 %, the air temperature
change is overall positive.
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Figure 4: Influence of relative humidity RH [%] on
the air temperature change T − T0 [◦C] for vertical
profiles extracted behind the tree at x/H = 1.5.

This study clarifies the influence of transpiration on
the cooling provided by vegetation. A low RH results
in a higher transpiration from vegetation as vapor
quantity in the air is lower (assuming the influence of
air temperature change is small). At low RH, a low
humidity in air results in a higher latent heat flux
(20) and causes the observed peak cooling. At high
RH, the transpiration is small and causes the rise in
air temperature. However, one must note that the
thermal benefit provided by the shading of the tree
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on the building facade and ground is not modeled
in this study. In such real scenario, the presence of
vegetation will provide a consistent cooling regardless
of the moisture content of air due to other cooling
effects of shading on the environment.

Influence of solar radiation

Figure 5 shows the influence of solar radiation Rsw on
the air temperature. The figure shows that cooling
provided by the tree is highest when radiation level is
low, since more heat needs to be extracted from the
airflow for evaporation. At higher solar radiation, the
cooling is reduced with a slight increase in air temper-
ature above the tree canopy (z/H ≈ 2). This is due
to the high absorption of solar radiation at the top of
the tree resulting in the higher leaf temperature. The
stomatal response of the solar radiation was not mod-
eled in the present study. In such cases, the influence
of solar radiation on the cooling could be non-linear.
Therefore, further studies must be performed on the
coupled behavior of stomatal resistance and environ-
mental conditions.

Figure 5: Influence of short-wave radiative heat flux
Rsw

[
W m−2

]
on the air temperature change T − T0

[◦C] for vertical profiles extracted behind the tree at
x/H = 1.5.

Influence of tree height

The final parametric study is performed on under-
standing the influence of tree height H̃ = n · H.
Figure 6 shows the influence of tree height on air
temperature. The figure shows that, with increasing
tree height, a larger volume of air is cooled. Further-
more, the maximum air temperature drop increases
from −0.5 to −1.0 ◦C when increasing the tree height
H̃ = 1 m to H̃ = 5 m. However, it cannot be con-
cluded yet that increasing the tree height increases
the cooling performance of the tree, as the total quan-
tity of leaves in the domain,

∫
LAD dV [m2] increases

as well. To determine the cooling potential of vege-
tation independently of the amount of leaves in the
domain, we can study the ratio of total sensible heat
flux to the total leaf area in the domain, denoted as
Q̃s [W m−2]:

Q̃s ≡
∫
LAD ·Qs dV∫
LAD dV

(27)
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Figure 6: Influence of tree height H̃ = n ·H [m] on
the air temperature change T − T0 [◦C] for vertical
profiles extracted behind the tree at x/H = 1.5.

The influence of tree height on the normalized sen-
sible heat flux Q̃s is shown in Figure 7. The figure
shows conclusively that it is beneficial to increase the
tree height as Q̃s increases with the tree height H̃.
Therefore, trees with a high vegetation canopy can
provide substantial improvement to the urban mi-
croclimate compared to lower trees. However, this
relationship is also apparent that it has a decaying
growth and eventually may not provide additional
cooling performance.
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Figure 7: Influence of tree height H̃ = n ·H [m] on
the normalized sensible heat flux Q̃s

[
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]
.

Conclusion
The proposed numerical modeling approach captures
the flows through the tree foliage. The model is used
to increase our understanding of the role of transpi-
ration of vegetation in urban environments and to
assess its resulting cooling potential. In conclusion,
the study on the influence of wind speed, relative hu-
midity, solar radiation and tree height shows that:

• At lower wind speeds, vegetation provides a
higher cooling rate. The Stanton number is in-
versely proportional to wind speed.

• The transpirative cooling is larger in arid condi-
tions.

• High solar radiation reduces the cooling provided
by vegetation.

• Tree height is a dominant factor when determin-
ing the cooling performance of vegetation.
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• Taller trees are more effective in providing cool-
ing than shorter trees.
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