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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/furunnan/Tre
e_Topo_Effects_on_Wind

Due to lack of information and long geometry generation times, tree geometries are usually oversimplified or
even ignored in Computational Fluid Dynamic (CFD) simulations that predict wind and pollutant dispersion
in urban areas. Nevertheless, trees are known to impact local wind patterns and air quality levels. Thus, in

Ié;}];word& this paper we explore the effects that tree models automatically reconstructed at diverse Level of Detail (LoD)
Wind flow (1, 2 and 3) have in numerical wind predictions. We address this by comparing the non-dimensional velocity
Tree model magnitude differences between simulations with multiple tree LoDs. To further understand these differences
Level of detail in changing environmental contexts we use three morphologies: an isolated tree, an idealized street, canyon,
Urban area and a real urban geometry from Rotterdam, The Netherlands The numerical results show that the velocity

magnitude differences between the cases with LoD1 tree models and those with LoD2 tree models can be over
1.0m/s while the differences between LoD2 and LoD3 cases are rather limited, usually lower than 0.2m/s.
Consequently, through this study we highlight the importance of using tree models in LoD2 or LoD3 at least
for CFD simulations of wind flows in urban areas. To further support this conclusion we also analyze the
impact of changing wind directions and tree Leaf Area Density (LAD) values in the impact of tree LoDs on
wind. The differences found in this work linked to the level of realism in your tree models can support future
studies where researchers want to make an informed choice.

1. Introduction

With more and more people living in urban areas, urbanization is
expanding. As a result of this increase in urbanization comes a rise
of human activities which is linked to problems such as the rising
temperatures (Urban Heat Islands (UHI), especially at night) and air
pollution in cities, which eventually can lead to various diseases and
premature deaths (Fouillet et al., 2006; Salmond et al., 2016). Since
a good urban wind environment can ameliorate air quality, mitigate
heat island effects, improve pedestrian wind comfort and reduce build-
ings energy consumption, this field of research is currently receiving
enhanced attention (Blocken et al., 2012; Hsieh & Huang, 2016).

A widely considered economical and effective way to create a good
urban wind environment is the planting of trees (Aflaki et al., 2017;
Salmond et al., 2016; Szkordilisz & Zold, 2016), as trees can affect the
wind flow by reducing its speed and changing its direction (Szkordilisz
& 7Z0ld, 2016). Yet, trees may also have a negative impact on local
air quality even if they promote deposition of pollutants in their leafs,
because they reduce ventilation (Buccolieri et al., 2018). It is worth
noting that the dynamic effects of trees on the urban wind environment
depends not only on environmental factors such as the surrounding

built environment, local climate and wind speed, but also on tree
properties such as tree shape, height and foliage density which may also
be linked to seasonality (Hefny Salim et al., 2015; Manickathan et al.,
2018). In order to assess tree effects and find suitable tree layouts in
diverse urban areas, Computational Fluid Dynamics (CFD) simulations
can be used.

There has been a lot of interest in using CFD models to study tree
effects. Current studies have focused on the effects on air quality (Bal-
cz6 et al.,, 2009; Moradpour et al., 2017; Santiago et al., 2019; Vos
et al., 2013), pedestrian wind comfort (Hong & Lin, 2015; Kang et al.,
2020; Ricci et al., 2022) and the thermal urban environment (Gromke
et al., 2015; Hong & Lin, 2015; Manickathan et al., 2018). However,
despite the fact that the importance of trees has been demonstrated in
many studies, for practical purposes and/or lack of information, the
geometric features of trees are usually oversimplified or even ignored
in CFD wind simulations over urban areas (Hefny Salim et al., 2015).
A relevant example was already published by Manickathan (2019),
where the author found that CFD predictions tend to underestimate the
wake velocity deficit compared to experimental measurements due to
oversimplification of the tree geometry.
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Just as buildings, trees can be expressed in different levels of ab-
stractions, also known as levels of detail (LoDs). For buildings, typically
the classification by Biljecki et al. (2016) is used. However, when it
comes to tree reconstruction, there are still no standardized nor widely
adopted classifications. A number of other authors proposed their own
classifications, such as Chen (2013), Liang et al. (2016) and Ortega-
Cordova (2018). de Groot (2020) proposed a classification for their
automatic reconstruction workflow, guided by the input data which
was the airborne LiDAR. Since this classification can be very efficiently
applied in the context of urban wind flow studies, we will be using it
throughout the paper. The classification is introduced in Section 2.1.
And while the effect of building LoDs on wind flow has been examined
in the past (Garcia-Sanchez et al., 2021; Ricci et al., 2017), this kind of
exploratory investigation for trees has yet to be conducted, to the best
of our knowledge.

Although several studies have been conducted in the past that fea-
ture tree models with varying levels of realism, there is little consensus
on how to systematically include trees in urban flow simulations. This
is extremely important when limited data on the tree structure is
available. To the best of our knowledge, our approach is the first to
benefit from automatic tree reconstruction at multiple levels of detail
to amend this lack of data, which is a common issue in urban flow
simulations. With this approach we aim to address the question: what is
the impact of different LoDs and tree shapes on the wind flow structure?
For that, we use systematic tree model definitions in LoD1, LoD2
and LoD3 in numerical simulations with different urban complexities.
The comparative analysis also includes several leaf area density (LAD)
values and wind directions.

Before carrying out our work, we validated our CFD model with
the tree drag terms introduced in Section 2.2 using the tree model and
setup from Manickathan (2019). Despite being subject to a certain level
of uncertainty, by comparing a number of test cases, we are able to
summarize the trend of tree LoD effects on wind. This allows us to
highlight the impact of tree LoD in CFD simulations of wind flows in
urban areas of different complexities. By understanding how important
wind speed changes are depending on the level of detail, we may guide
decisions for future urban flow simulations, minimizing resources usage
while maximizing predictability.

2. Materials and methods
2.1. Tree LoDs and their automatic reconstruction

The tree LoD classification we are using was originally proposed
by de Groot (2020). The classification is relying on abstraction lev-
els attainable from an airborne LiDAR-based automatic reconstruction
algorithm. The obtained LoD1 model is cylindrical or prismatic, with
only a canopy. Trees in LoD2 are implicit volumetric models, based on
pre-made models and scaled in width and height. LoD3 are parametric
models based on parameters extracted from a collection of points
representing a tree. These levels of abstractions, or at least canopy
shapes similar to those LoDs, are typically observed in numerical inves-
tigations, e.g. Amorim et al. (2013), Hefny Salim et al. (2015), Kang
et al. (2020), Kenjeres and Ter Kuile (2013), Santiago et al. (2019),
Sousa and Gorlé (2019) for LoD1, Hong et al. (2018a, 2018b) for LoD2,
and Brozovsky et al. (2022, 2021) for LoD3.

Overall, seven types of tree models are used in this work (a-g)
(included in Fig. 1), namely LoD1 tree, LoD2 broadleaf, LoD3 broadleaf,
LoD2 conifer, and LoD3 conifer model. LoD1 tree (a), LoD2 broadleaf
(c), LoD3 broadleaf (d), LoD2 conifer (f), and LoD3 conifer (g) are
generated using the automatic tree reconstruction algorithm proposed
by de Groot (2020). LoD1 is defined as a model that does not take
into account the specific shape of the tree crown and represents it
with the simplest rectangle. This model is also used in some practical
applications and past research (Mohamed & Wood, 2015). However,
it should be noted that other studies take into account the influence
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of the tree stem and remove the tree stem portion from the LoD1
model (Jeanjean et al., 2015; Maison et al., 2022). In order to provide
effective recommendations for this area of research, we have also added
two LoD1 models without tree stems (b, e) for the simulations.

2.2. Tree porosity model

To handle trees in CFD simulations, finite volume cells that roughly
account for tree canopies are marked as porous zones while tree stems
are modeled explicitly as obstacles, as done in Hefny Salim et al.
(2015), Kang et al. (2020) and Manickathan (2019). In these porous
zones, tree drag is represented by adding a sink term (S, ) in the
momentum equation and source terms (S, and .S,) in the turbulence
equations (Katul et al., 2004; Kenjeres & Ter Kuile, 2013; Sanz, 2003).

S, ==pCy LAD U, |U| [%] [6))
S, =pC, LAD(ﬁp|U|3—ﬁd|U|k)[%] @
S.=pC, LAD%(Cz4ﬂp|U|3—C£5ﬂd|U|k)[%] 3)

Eq. (1) is the sink term for the momentum equation, Eq. (2) is the
source term for the turbulence kinetic energy equation, and Eq. (3)
is the source term for the turbulent dissipation rate equation; p is
the air density, C, is the leaf drag coefficient, LAD is the leaf area
density, U, is the velocity component in direction i, |U| is the wind
speed magnitude, f, is the fraction of mean kinetic energy converted
into turbulent kinetic energy, §, is the dimensionless coefficient for the
short-circuiting of turbulent cascade, C,, and C, 5 are model constants.
Depending on the studied cases, several values for f,, §;, C.4 and C,s5
could be found in literature (Buccolieri et al., 2018; Hefny Salim et al.,
2015; Hong et al., 2018a; Liang et al., 2006; Santiago et al., 2019).
Usually, p, is assumed equal to 1 and the values for §,;, C,, and C,s
range between 4-6.5, 0.9-2 and 0.9-1.8, respectively (Buccolieri et al.,
2018).

In this paper, the value of the drag coefficient C, is defined as a
constant (0.2), which is consistent with most of the literature (Gromke
et al., 2015). The values of §,, f;, C.4 and C,s are set to 1, 5.1, 0.9 and
0.9 (Buccolieri et al., 2018), respectively.

LAD, defined as the one-side leaf surface area per unit volume
(m?m™3), depends on tree species and varies with height over the tree
crown. The values used in CFD simulations range from 0.1 to 4, with
an average value in the literature about 1 (Buccolieri et al., 2018).
In this paper, the value of LAD is assumed to be spatially constant.
The reason is that this paper focuses on comparing the effects of
different tree LoDs without scrutinizing the LAD profile of an individual
tree. Also, both varying LAD distribution and the constant (spatially-
averaged) LAD value have been shown to behave similarly in CFD
predictions (Manickathan, 2019).

2.3. Test cases design and set up

In order to analyze the impact of tree LoD in wind patterns broadly,
we selected urban environments with diverse complexity. We consid-
ered three morphologies: an isolated tree, an idealized street canyon,
and a real urban geometry (corresponding to a region of Rotterdam,
The Netherlands). For tree types, broadleaf and conifer trees are con-
sidered.
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Wind direction Tree models used in isolated tree cases
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Fig. 1. The tree models and the mesh configurations used in isolated tree cases. Models (a), (c), (d), (f), (g) are generated using the tree LoD classification proposed by de Groot
(2020). To study the effect of tree stem, we also use models (b) and (e) for the simulations. Tree stem is explicitly modeled as an obstacle while canopy is modeled as porous
cells. Vertical cells refers to the number of layers across the tree models. Total porous cells refers to the number of cells resolving the tree canopy.

2.3.1. Isolated tree

As Fig. 1 shows, seven types of tree models are used in isolated tree
cases.

These tree models have a uniform bounding box size, i.e., 8m in
length and width and 18 m in height. The stem portion of the LoD2
and LoD3 trees is explicitly modeled as an obstacle that does not allow
wind to pass through, which is consistent with the reality. The LoD1
tree, however, have only a canopy, which is implicitly modeled as a
porous area that allows wind to pass through.

For each test case, the same meteorological conditions are used:
the wind blows in the Y-axis with an inflow velocity of 497 ms™! at
10m above the ground, and this is consistent with local measurements
in Rotterdam already used to study the impact of building LoD on
CFD predictions Garcia-Sanchez et al. (2021). The flow is considered
incompressible and the atmospheric boundary layer (ABL) stratification
is assumed to be neutral.

2.3.2. Idealized street canyon

Inspired by the street canyon and avenue-like tree configurations
of Gromke et al. (2012) and CODASC (Concentration Data of Street
Canyons),’ we make the street canyon representation of each case
consists of two parallel-aligned building blocks (length L = 180m,
height H = 18 m, width W = 18 m, aspect ratio W/H = 1) and a row
of tree models placed in the middle with a gap of 15m. The same

1 CODASC:https://www.umweltaerodynamik.de/bilder-originale/CODA/
CODASC.html

tree models in the isolated tree cases (Fig. 1) are used in the street
canyon test cases. Also, two wind directions are used: perpendicular
and parallel to buildings, both with the same meteorological conditions
as the isolated tree cases.

The wind directions, building arrangements, and tree configuration
are shown in Fig. 2.

2.3.3. Realistic urban geometry

Test cases for the realistic urban geometry are mainly used to sim-
ulate tree effects on more complex airflow distributions. Complicated
street and tree configurations and variations in building shapes result
in more complicated flow fields, which allow the effects of tree LoDs
and shapes to potentially no longer be confined to local areas. The
insights obtained may be important for larger-scale studies of urban
wind environments.

The study area is Noordereiland in Rotterdam, which is an island
with an area of about 67 hectares. The inflow wind direction for the
study area is South-Southwest (SSW) and the inflow wind speed is
around 3.7 m/s at 2m height above the terrain, which are estimated by
averaging the wind speed and wind direction data from 2021 provided
by the RainGain? project of TU Delft.

With the wind direction of SSW, the bottom boundary of the CFD
computational domain can be assumed to be water surface, except
for the study area. The building models are obtained through the
3D BAG database Peters et al. (2022), where they are downloaded

2 RainGain: https://weather.tudelft.nl/
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Fig. 2. Wind directions, buildings arrangements and tree configurations of the street canyon cases.

Realistic urban geometry models

Study area: Noordereiland, Rotterdam,
the Netherlands

Direction

Fig. 3. Different LoD tree configurations for the realistic urban geometry model from Noordereiland in Rotterdam, The Netherlands.

directly as a 3D city model. Trees in the domain are automatically
reconstructed using the algorithm adapted from de Groot (2020), based
on point clouds obtained using the AHN3 (Actueel Hoogtebestand
Nederland PDOK (2021)) point cloud dataset. For the terrain, in order
to reduce complexity, we assumed to have a flat ground surface with
2 m height above the water surface. Fig. 3 shows the final models used
in the test cases.

2.4. Numerical simulations set up

To perform the CFD simulations, OpenFOAM (version 7) (Weller
et al., 1998), an open-source computational fluid dynamics software, is
used. We consider the flow incompressible, steady, with neutral stratifi-
cation, and accordingly we used the Reynolds-Averaged Navier-Stokes
(RANS) method to model the flow structures. We acknowledge that
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Table 1
Mesh specifications and computational time specified for each case. Vertical cells refers to the number of layers across the tree. > and ” refer
to cases without tree stem.
Case Case Tree Tree LoD Vertical Total Run
Nr. type type stem cells cells time [s]
1 isolated - no 1 65 168192 97
r isolated broadleaf no 1 50 165147 102
1”7 isolated conifer no 1 57 168 325 102
2 isolated broadleaf yes 2 64 154657 88
3 isolated broadleaf yes 3 65 159970 94
4 isolated conifer yes 2 64 148522 83
5 isolated conifer yes 3 65 157 058 92
6 canyon - no 1 65 932417 817
6’ canyon broadleaf no 1 50 922582 889
6” canyon conifer no 1 57 932487 1431
7 canyon broadleaf yes 2 64 883962 1159
8 canyon broadleaf yes 3 65 895589 2444
9 canyon conifer yes 2 64 872840 1112
10 canyon conifer yes 3 65 891166 2549
11 canyon - no 1 65 932417 892
11 canyon broadleaf no 1 50 922582 1401
117 canyon conifer no 1 57 932487 956
12 canyon broadleaf yes 2 64 883962 2528
13 canyon broadleaf yes 3 65 895589 2714
14 canyon conifer yes 2 64 872840 2548
15 canyon conifer yes 3 65 891166 2456
16 real - no 1 - 7476 244 8446
17 real broadleaf yes 2 - 6849710 22696
& conifer
18 real broadleaf yes 3 - 7116564 21241
& conifer
higher fidelity methods, such as Large Eddy Simulations, are available turbulence dissipation rate, ¢, are as follows:
and have been used in the past for urban flows by other authors (Ma _ ok ) v, ok
et al., 2022; Salim et al., 2011; Zheng & Yang, 2021). These methods, Yok T g[(" + _);] + P —e+ S ®
although proven to be superior in turbulence representation than RANS ! ! ! )
when compared to wind tunnel measurements, are prohibitively costly Zﬂ = i[(v + ﬁ)i] +C, £p - C,., <4 S, ()]
in terms of time and computer resources. Consequently, these methods ox; 0%, ¢ 9% k k

are rarely used in the design phase, which usually requires several
models to be evaluated. Our work specifically targets such design
phase, where decisions regarding urban landscape are taken.

2.4.1. Governing equations

As the Reynolds-Averaged Navier-Stokes approach is used for the
CFD simulations, the mass and momentum mean conservation equa-
tions that govern the flow are the following:

o
—L =0 4
ox;

_ _ 0— 77
LTI W AL Il B )
! ox; p Ox; dx;0x;  0x; !

where u; denotes time-averaged velocity components, p is the density,
p is the mean pressure, v is the kinematic viscosity and F; is the source
or sink term. F; is only considered in porous zones that represent trees,
and is equal to Eq. (1). In other cases, it is zero. The term ”,l' u;. represents
the Reynolds stress tensor, which is unknown and needs to be closed
with a turbulence model. For our case, we used the two equations
standard k —e turbulence model since it is widely used in outdoor wind
simulations (Blocken, 2015; Garcia-Sanchez et al., 2021). In this model,
u;u;. is computed based on the linear eddy viscosity hypothesis:
=2

[y 3
where k is the turbulence kinetic energy, S;; the time-averaged shear
stress tensor, and y, is the turbulence viscosity, which is computed
using following equation:

k2

Hy = Cﬂ: (7)

k,; = 24,S}; 6

where C, is a model constant equal to 0.09. The equations for the two
turbulence variables, namely the turbulence kinetic energy, &, and the

where P, is the turbulent production term and oy, o,, C,; and C,, are
model constants, with values of 1.0, 1.3, 1.44, and 1.92 (Launder &
Spalding, 1974), respectively.

2.4.2. Computational domain and mesh

For all numerical test cases, the computational domain should be
chosen large enough to avoid artificial acceleration of the flow due
to flow contraction caused by the boundaries of the computational
domain (Blocken, 2015). Conforming to the best practice guidelines
prescribed by Blocken (2015) and Franke et al. (2011), the inlet,
lateral and top boundaries are set at least 5H,,,, away from the group
of building and tree models, where H,,, is the height of the tallest
geometry. A distance of at least 15H,,,, is kept downstream of the group
of buildings and tree models to allow for adequate wake development.
The maximum height (H,,,,) for the different morphologies used in our
study corresponds to 18 m, 18 m and 33 m for isolated tree, idealized
street canyon, and a real urban geometry, respectively. Table 1 intro-
duces the final mesh size, vertical layers and time spent to run until
convergence each of the cases considered within the article. All cases
were run in parallel using 4 cores on an AMD EPYC 7542 processor.

In the text below, we include the mesh independence results for
the real geometry case. To complete the mesh independence study, we
completed the following steps:

Step 1: Designed a relatively coarse mesh to run the initial simulation
and ensure that the residuals converge,

Step 2: Refined the initial mesh at a constant ratio (1.3 is used in this
paper) to obtain at least two new meshes: medium mesh, and
fine mesh. Ran simulations on these two meshes and ensure that
the residuals converge,

Step 3: Mesh independence can be considered as achieved when the
relative difference between the solutions of the fine mesh and
the medium mesh is a certain margin smaller than that of the
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Table 2
Properties of the meshes with different resolutions.
Mesh Smallest cell height (m) Total number of cells
Coarse 0.52 3038617
Medium 0.4 5710610
Fine 0.3 11390599

medium mesh and the coarse mesh (Roache, 1994). This means
that a finer mesh does not significantly change the solution
anymore and that using the medium mesh for final simulations
is sufficient, which allow us to make a compromise in terms of
time and computational resources. If not, continue refining the
mesh and repeat.

Figs. A.1, A.2 and Table 2 introduce the probes positions and the
three generated meshes for a realistic urban geometry test case (Case
17), and the medium mesh is used for our final CFD simulations. We
compute the grid sensitivity analysis using the methods from Celik et al.
(2008) which results in Grid Convergence Indices (more specifically,
GCI?i'ne) of 5.6% for velocity magnitude and 4.8% for the turbulence
kinetic energy from 90 randomly placed points in the region of inter-
est (as shown in Fig. A.2). This highlights that the medium mesh is
adequate for subsequent simulations.

2.4.3. Boundary conditions

The inflow boundary condition is modeled as a fully developed neu-
tral atmospheric boundary layer condition with the following equations
for velocity, turbulence kinetic energy, and dissipation rate:

U=epith 10
K Zy
2
u
k= —2= 11)
VCIA
B
= * 12
K(z + zp) a2

where u, denotes the friction velocity, « is the von Karman constant
with a value of 0.41, and z, is the aerodynamic roughness length.
The z, value is varied depending on the surface taken into account.
For the terrain surface to represent the presence of small obstacles
ignored in our current 3D city models, we set z, to 0.2m, which
corresponds to a ‘rough area’ according to the updated Davenport—
Wieringa roughness classification (Blocken, 2015). For water surfaces
surrounding the realistic urban case, 0.0002m is used.

To run the simulation, the standard k — e turbulence model and the
simpleFoam solver in OpenFOAM are modified to add the sink/source
terms (S,,, S, and S,).

2.5. Measures for quantitative analysis
To better compare the velocity magnitude difference between LoD1,

LoD2 and LoD3 cases, CFD prediction data of two cases can be sub-
tracted and normalized to obtain the non-dimensional velocity magni-

tude difference Cp,_;;, C};,_;, and Cpp_y3 :
(U 1042 = 1U10a1)
Clz-ll — lod2 lod1 (13)
|U|ref
C;ng“ — (|U|10d2 - |U|IoleithoutTreeSrem) (14)
|U|ref
(1Ul10a2 = U 10a3)
Cl2—l3 - lod2 lod3 (15)
|U|ref

where U1, |Uliog1withourTreestems 1Ulioaz @nd |Uljq3 represent the
velocity magnitude predictions of a case using LoD1 tree models, a case
using LoD1 without tree stem models, a case using LoD2 tree models,
and a case using LoD3 tree models, respectively. |U|,,, is the inflow
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velocity magnitude at 1.75 m height, which is 2.88 ms~! for the isolated
tree and street canyon cases, and 3.68ms~! for the realistic urban
geometry cases. As mentioned in Section 2.3.3, the values for |U],,, in
the realistic urban geometry cases derive from a meteorological station
located in the Noordereiland area. On the other hand, for the ideal
cases, |U|,,, was derived from past measurements recorded in the area
and already used in our previous studies, as specified in Section 2.3.1.
From our input velocity, we apply a logarithmic scaling to derive |U|,,,
at pedestrian height.

Note that in this work, the values of non-dimensional velocity
magnitude differences are expressed as percentages.

2.6. Verification and validation

Previous studies (Kang et al., 2020; Manickathan, 2019; Man-
ickathan et al.,, 2018) have demonstrated the ability of numerical
models to reproduce the wind velocity deficit due to trees by com-
paring CFD predictions with field and experimental measurements.
For instance, Manickathan (2019) used a Buxus sempervirens plant for
experimental measurements and has compared the results with CFD
predictions to investigate the accuracy of the numerical model in
predicting the mean airflow and the turbulence modification due to
vegetation. We use this case to verify and validate our implementation.

The plant geometry used by Manickathan (2019) for their simula-
tions (Fig. A.3) faithfully resembles the foliage outline (3D alpha shape)
of the tested specimen; therefore, we would classify his model as LoD3
through visual inspection. The author also uses the same tree modeling
approach as we do in Eq. (1) to Eq. (3). Thus, to verify and indirectly
validate our implementation, we performed CFD simulations with the
same plant model and settings as the author but using our implemen-
tation of k — ¢ turbulence model and OpenFOAM solver with added
tree effects. To accomplish this task we used the same configuration
used in Manickathan (2019), as well as the same tree geometry. All
information regarding this set up can be found in Manickathan (2019),
Chapter 7.

The comparison results displayed in Fig. 4 show that the CFD
results using our implementation of k — e turbulence model and Open-
FOAM solver are consistent with those using the CFD model proposed
by Manickathan (2019). This indicates that the tree numerical model
we implemented is also valid and can predict results as accurate as
the benchmark model. Based on the normalized velocity profile, the
CFD predictions seem to always underestimate the peak wake velocity
deficit at these three heights when compared to the experimental val-
ues. Manickathan (2019) believes that the underestimation is a result of
using a porous media approximation for the tree model, which typically
fails to accurately capture sharp velocity gradients, due to the lack
of explicit modeling of the tree geometry. This also emphasizes the
importance of using explicit trunk models in the LoD2 and LoD3 tree
models we use in this paper.

The reason to perform the previous validation resides on the fact
that no other wind tunnel measurements including trees was freely
accessible to us for further comparison. In addition, to the best of our
knowledge, experiments including different level of details in trees have
yet to be completed, and therefore no available ground truth still exits.
As such, one can fairly claim that the conclusions presented in this
paper do have some uncertainty. For that, in order to minimize the
impact of this uncertainty, this paper focuses on the general trends
shown by different tree types and different urban morphologies, and
avoids relying on the characteristics of a specific tree model or at a
particular location. In this way, the conclusions drawn in this study
remain well instructive — we are able to make a valid prediction of
the effect of tree drags on wind and analyze the generic effect of tree
LoDs from the comparison of a number of test cases. However, further
studies that include measurements with trees are necessary to further
support our conclusions.
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Vertical plane at y = 0 from CFD results
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Fig. 4. Verification by comparing normalized velocity U/|U|, and turbulent kinetic energy k/ |U|§{ at normalized heights 2 = [0.29, 0.71, 1]. [U|, = 0.77ms™" at 2= 1, which
is the tree-canopy height velocity at normalized height 2 = 1 used by Manickathan (2019).

3. Results Fig. 5 shows the vertical contours of the non-dimensional velocity
magnitude predictions for the isolated tree cases, and the horizontal

3.1. Isolated tree contours at pedestrian height (1.75m) are shown in Fig. 6. Note the
ranges of these contours are cropped to focus on the wind velocity

The settings of all isolated tree test cases are summarized in Table 3. difference around and within the tree models. The white lines indicate

3

For each test case, the same value of the tree LAD is used: 2.2 m? m3. the outlines of the tree models.
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Vertical profiles for non-dimensional
velocity magnitude predictions
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Fig. 5. Vertical contours for non-dimensional velocity magnitude predictions at middle plane in XY. |U],,, = 2.88ms~".

Table 3
Settings of isolated tree test cases.
Case ID Tree LoD Tree type LAD value
(m? m™3)
1 LoD1 -
1 LoD1 without tree stem Broadleaf
17 LoD1 without tree stem Conifer
2.2
2 LoD2
3 LoD3 Broadleaf
4 LoD2 .
5 LoD3 Conifer

From Fig. 5, we can see clear differences between the non-
dimensional velocity magnitude predictions around the LoD1 tree
model with the predictions around the LoD2 and LoD3 tree models.
The recirculation zone in LoD1 is closer to the ground than in Cases
2-5. Fig. 6 also further shows that compared to the LoD2 or LoD3
tree models, the LoD1 tree model has a greater reduction effect on the
downstream wind speed, creating a larger area with wind speeds less
than 1 ms~! at pedestrian height. This is somewhat expected since it is
related to the fact that the LoD1 tree model have a larger cross-sectional
area at the height of 1.75 m than the LoD2 or LoD3 tree models, where
only the stem is present. We can also find that compared to LoD2
or LoD3 broadleaf tree models, the recirculation zones of LoD2 and
LoD3 conifer tree models are closer to the ground, resulting in a slower
downstream wind speed at pedestrian height. This largely derives from
the fact that conifer tree models have shorter stems. Therefore, to
improve the accuracy of wind environment simulation results, the type
of tree models should be chosen as close as possible to reality and it is

best not to assume that all trees in the study area have the same type
or shape.

To better investigate the impact of tree LoDs on velocity magnitude
predictions, the five test cases (Table 3) are compared in pairs to get
Cii-n» C},_,, and Cp,_y3. For instance, the velocity magnitude prediction
of case 2 is subtracted from that of case 1 and then normalized by
|U,e f (2.88ms~!), so that we can obtain the non-dimensional velocity
magnitude difference between the case with a LoD1 tree model and the
case with a LoD2 broadleaf tree model. The results are shown in Fig. 7.

Clearly, the velocity magnitude difference between LoD1 and LoD2
(Cyi_pp) is much greater than the difference between LoD2 and LoD3
(C,_13), regardless of broadleaf or conifer. This is specially highlighted
with the strict LoD1 definition where the porous tree reaches the
ground. This effect is reduced when no tree stem is considered with
LoD1, appearing an important difference around the tree stem due to its
inexistence in LoD1, compared to LoD2. The overall mean and standard
deviation difference is much larger when we compare LoD1 and higher
LoDs. However, when the tree is not extended till the ground, the mean
difference is similar to those encountered for LoD2 and LoD3, while the
standard deviation remains larger for LoD1. It is nevertheless important
to mention that still local large differences can be encountered due to
diverse shapes of tree stems, as it can be see in Cj,_,; for broadleaf
tree. This might be relevant depending of the zone of interest in our
simulation results.

3.1.1. Idealized street canyon

To further generalize the tree LoD impact in urban flow simulations
we explore their effect in an idealized street canyon with perpendicular
and parallel wind directions (Fig. 2). The settings of all street canyon
test cases are summarized in Table 4. Similar to isolated tree cases,
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Table 4
Settings of street canyon test cases.
Case ID Inflow direction Tree LoD Tree type LAD value
(m?>m™)
6 LoD1 -
6’ LoD1 without tree stem Broadleaf
6” Perpendicular LoD1 without tree stem Conifer
7 to buildings LoD2 Broadleaf
8 LoD3 Broadleaf 0.2
9 LoD2 Conifer 0.6
10 LoD3 Conifer 1.0
1 LoD1 - 1.4
1 LoD1 without tree stem Broadleaf L8
117 parallel to LoD1 without tree stem Conifer 22
12 buildings LoD2 Broadleaf
13 LoD3 Broadleaf
14 LoD2 Conifer
15 LoD3 Conifer

these street canyon cases are compared in pairs to obtain the non-
dimensional velocity magnitude difference (Cjp_;;, Cj,_,; and Cjp_3).
U,y is 2.88ms™.

Figs. 8 and 9 present same example plots of Cj,_;, C},_;, and Cp_3
for street canyon cases with broadleaf tree models. As it can be seen,
differences with LoD1 still remain remarkably larger than higher LoDs,
which is expected at pedestrian height. These differences in the mean
are reduced when an LoD1 without tree stem is used, however the
standard deviation remains much higher than that for LoD2 and LoD3
differences. This can also be observed in the contours plots, with wider
color changes. Comparing Figs. 8 and 9 it is also clear that a parallel
wind direction, compared to a perpendicular wind direction, results in
higher C;,_;; (over 50% at most areas) and C;,_;; values (around 5% to

25% at most areas), i.e., greater wind velocity variation due to tree LoD
changes. This is likely related to the fact that a parallel wind direction
leads to higher wind speeds within the street canyon. Therefore, areas
with higher local wind speeds may have a greater need for tree models
with higher LoDs to provide more realistic predictions.

Since different LAD values may also impact the simulations, we
analyzed the fourteen cases listed in Table 4 with changing LAD values
as follows: 0.2,0.6,1.0,1.4,1.8 and 2.2 m? m~3. This results in 72 plots
of non-dimensional velocity magnitude difference (Cj,_;;, C};_;, and
Cj,_;3) in total. For the sake of brevity, not all plots are shown in
this paper, but the 12 plots generated using broadleaf cases with LAD
= 0.2 and 2.2 m*m™3 are shown in Figs. 8 and 9 to illustrate the
impact of LAD. The corresponding 12 plots generated using conifer
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Fig. 7. Non-dimensional velocity magnitude difference contours at pedestrian height (1.75 m) for isolated tree cases; The ‘min’, ‘max’, ‘mean’, ‘std’ refer to the minimum, maximum,
average and standard deviation values of non-dimensional velocity magnitude differences, respectively.

cases with LAD = 0.2 and 2.2 m’>m~> can be found in Figs. A.4 and
A.5 in Appendix.

When comparing subplots 1 and 2, 3 and 4, or 5 and 6 in Figs. 8
and 9, it seems that higher LAD may lead to higher values of non-
dimensional velocity magnitude difference (Cj,_;; and Cj,_;3). How-
ever, the differences between them are difficult to distinguish clearly

10

with the naked eye and need to be described in a more quantitative
way.

Thus, we compare the differences of all 72 non-dimensional velocity
magnitude difference plots in terms of the mean values and 95% con-
fidence intervals, which were statistically derived from data measured
at pedestrian height (1.75 m). The results are shown in Fig. 10. There
are a few conclusions that can be drawn from this figure:
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Fig. 8. Contours for the non-dimensional velocity magnitude difference at pedestrian height (1.75 m) for street canyon cases with a perpendicular wind direction. Case 6: LoD1
tree models; Case 6’: LoD1 broadleaf tree models without tree stems; Case 7: LoD2 broadleaf tree models; Case 8: LoD3 broadleaf tree models; |U|,,, = 2.88ms'.

1. In general, the larger the LAD, the larger the Cj,_;; and Cj,_3
values within the street canyon. This means that for study areas
with higher tree LAD, it is relevant to consider higher LoD
tree models in numerical simulations to obtain more realistic
predictions.

2. The influence of tree LAD is enhanced when its value is lower
than 1.4m?>m=3. Although the highest LAD value attempted in
this paper is 2.2 m? m=3, it is conceivable from the data trend that

11

the degree of changing of C;,_;; or C),_;3 values will continue to
decrease as the LAD values increase, and may eventually reach
stability.

. Differences are larger when comparing with LoD1 than higher

LoD levels. As the velocity differences get smaller (e.g. between
LoD2 and LoD3 comparisons), the impact of LAD changes is also

limited.
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Fig. 9. Contours for the non-dimensional velocity magnitude difference at pedestrian height (1.75 m) for street canyon cases with a parallel wind direction. Case 11: LoD1 tree
models; Case 11: LoD1 broadleaf tree models without tree stems; Case 12: LoD2 broadleaf tree models; Case 13: LoD3 broadleaf tree models; |U|,., = 2.88ms~'. Note: Since the
parallel wind brings higher values of non-dimensional velocity magnitude difference, the colormap of [-15-15] used in Fig. 8 is not enough to clearly show the difference between
subplots, so the range of colormap here is [-100-100]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4. The flow wind direction has a major role in the impact of tree
LoDs, resulting in larger velocity differences for the parallel
canyon flow than the perpendicular one.

5. The values of Cj,_;; for conifer cases are overall lower than in
broadleaf cases. This might be related to the geometry of tree

12

canopy. We can see from Fig. 1 that the canopies of conifer
trees are wider in the bottom (near the pedestrian height), which
could reduce the local wind speed and thus result in less velocity

differences due to tree LoD difference.
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Fig. 10. Mean values and 95% confidence interval of the non-dimensional velocity magnitude difference measured at pedestrian height (1.75 m) for street canyon cases.

Table 5

Settings of realistic urban geometry test cases.
Case ID Tree LoD LAD value

(m? m~)

1 LoD1
6 ° Broadleaf: 1.6;
17 LoD2 Conifer: 1.4;
18 LoD3 T

3.1.2. Realistic urban geometry

The settings of realistic urban geometry test cases are summarized
in Table 5. The LAD values for broadleaf trees and conifer trees are
1.6 and 1.4m?m™3, respectively, which are consistent with those used
in Lalic and Mihailovic (2004). Also, according to the findings in
Section 3.1.1, they are sensitive enough to ensure a relatively large
and stable velocity magnitude differences as they are greater than
1.4m?m™3,

The non-dimensional velocity magnitude differences measured at
pedestrian height are presented in Fig. 11. Note that compared to the
isolated tree cases and the street canyon cases, the |U|,, used for
the realistic urban geometry test cases is 3.68 ms~!, which is estimated
based on open datasets as described in Section 2.3.3. We can find that
there are obvious differences between the LoD1 case (Case 16) and
LoD2 case (Case 17). At some dense-tree areas and in some narrow
passages between buildings, i.e. in the street canyons, the velocity
magnitude differences are over 1.0m/s (|U|,., * 30%). However, only
slight differences (around —5% to 5% at most places, i.e. lower than
0.2m/s) between LoD2 case (Case 17) and LoD3 case (Case 18) are
found. This is further supported by the mean and standard deviation
differences over the domain. Thus, focusing on the mean values it may
be good enough in principle to have the LoD2 tree model for wind
environment studies in the Noordereiland region.

Nevertheless, it is important to mention that similarly to the single
tree and the street canyon analysis, maximum and minimum difference
values between higher LoDs can be large also locally. In Fig. 11 this
occurs in specific street canyons, that might change with wind direction
in our simulations. Therefore, for specific urban improvements in lo-
calized street areas we recommend that several analysis are completed
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prior modifications. Those analysis should not only include higher LoD
for trees, but they should also encompass different wind directions that
are plausible within the area of interest.

4. Conclusions

In this paper we numerically analyzed the effects of tree LoDs on
wind predictions. We address this by comparing the non-dimensional
velocity magnitude differences between simulations with LoD1, LoD2,
or LoD3 tree models. To further understand these differences in chang-
ing environmental contexts we use three morphologies: an isolated
tree, an idealized street canyon (with perpendicular and parallel wind),
and a real urban scenario in Rotterdam, The Netherlands. Under-
standing differences in wind speed when including tree geometries in
urban flow simulations can guide urban development decisions that
minimize computational and time resources while maximizing flow
predictability.

One of the main conclusions is that the non-dimensional velocity
magnitude differences with LoD1 tree models (with porous stem) are
remarkably larger than those with higher LoDs. For the Noordereiland
cases, the velocity magnitude differences between the case 16 (with
LoD1 tree models) and 17 (with LoD2 tree models) can be over 1.0m/s
while the differences between the case 17 and 18 (with LoD3 tree
models) are lower than 0.2m/s. A similar pattern can be found in the
test cases of isolated tree and street canyon. This result is somewhat
expected and directly derives from the fact that the LoD1 model does
not include a tree stem, but the same porous zone used for the crown.
As our results show, including removing the porous part of the tree
where the tree stem is supposed to be can limit these differences consid-
erably. Nevertheless, since the differences found in wind predictions by
using low LoD tree models (even when removing the stem porous part)
are non-negligible, researchers should take them into account when
comparing their results with local measurements or wind tunnel data
that include vegetation elements.

An additional conclusion that can be derived directly from the
previous argument is that including a realistic tree stem is also an
important feature that should not be ignored. Even when using LoD1
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Fig. 11. Non-dimensional velocity magnitude difference measured at pedestrian height (1.75 m) for urban geometry cases; The ‘min’, ‘max’, ‘mean’, ‘std’ refer to the minimum,
maximum, average and standard deviation values of non-dimensional velocity magnitude differences, respectively.
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Coarse mesh Medium mesh ) Fine mesh

Fig. A.1. Meshes with different resolutions.

»

Fig. A.2. Probes used to compute grid convergence index. Grey: buildings, green: trees, red: probes. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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The modeled geometry and wind tunnel setting used by Lento Manickathan

(a) The geometry and numerical domain used for the
wind-tunnel-CFD comparison study

(b) The wind tunnel setting used for the
wind-tunnel-CFD comparison study

Fig. A.3. The simulated plant geometry and the wind tunnel setting used by Lento Manickathan for the wind-tunnel-CFD comparison study. The plant-canopy height H = 0.21 m(not

to scale).
Source: Adapted from Manickathan (2019).

trees without tree stem, the differences in mean were similar to those
encountered for higher LoD models, but with much larger standard
deviations within the domain. This might be related to the fact that
no tree stem was present, and therefore the differences in the flow
were much larger at the pedestrian height allowing the flow to develop
downstream in different patterns than those encountered between LoD2
and LoD3 differences.

Instead, when using tree models in higher LoD (LoD2 or LoD3
levels) the differences found for wind predictions in urban areas were
rather limited, and therefore less of a concern for researchers when
comparing with ground truth data. These differences are directly con-
nected to the tree shape, and therefore depending on the height of the
crown might have less of an impact towards pedestrians.

Regarding the effect of the tree species used within the study, we
find that the values of Cj,_;; for conifer cases are overall lower than
broadleaf cases. This might be explained by the small differences in
shape between LoD2 and LoD3 for conifer trees, since the overall area
above the tree stem is fairly the same. Nevertheless, this highlights the
important role that the tree shape may play in the development of wind
patterns in urban areas, and how the assumption that all trees within
a study area have the same shape might not be the best approach.

Additionally, it can be concluded that tree LAD values and wind
directions have a major role in the impact of tree LoDs. Generally, the
larger the LAD value, the greater the velocity differences due to tree
LoD variation, especially when the LAD is lower than 1.4 m?> m=3. Simi-
larly, larger velocity differences can be seen for the parallel canyon flow
than the perpendicular flow, as the former one can provide a higher
wind speed in the study area. Thus, for specific urban improvements in
localized street areas, we recommend considering not only the shape
of the trees and the higher LoD, but also the LAD of the trees and the
most probable wind conditions in the area.

Lastly, a major point of this research is driven by our capability
to reconstruct and introduce the tree elements within our simulations.
The time cost to create geometries at LoD1, LoD2, or LoD3 with our
approach is the same, however as it was shown in Table 1, the time
spent to complete our simulations was largely different. Completing a
simulation with LoD2/LodD3 level trees was approximately 2.5 times
more costly than performing the simulation with LoD1 (with or without
the tree stem). This suggests that during the design phase, where

16

multiple evaluations are needed, it might be more efficient to use
simpler tree models, such as LoD1 without tree stems. However, once
a final design is chosen, it is better to use more detailed models, like
LoD2 or LoD3, for the prediction phase.
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Fig. A.4. Contours for the non-dimensional velocity magnitude difference at pedestrian height (1.75 m) for street canyon cases with a perpendicular wind direction. Case 6: LoD1
tree models; Case 6": LoD1 conifer tree models without tree stems; Case 9: LoD2 conifer tree models; Case 10: LoD3 conifer tree models; |U|,., = 2.88ms!.
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Fig. A.5. Contours for the non-dimensional velocity magnitude difference at pedestrian height (1.75 m) for street canyon cases with a parallel wind direction. Case 11: LoD1 tree
models; Case 11": LoD1 conifer tree models without tree stems; Case 14: LoD2 conifer tree models; Case 15: LoD3 conifer tree models; |U],,, = 2.88ms!.
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Fig. A.6. Contours for the non-dimensional turbulent kinetic energy difference at pedestrian height (1.75 m) for street canyon cases with a perpendicular wind direction. Case 6:
LoD1 tree models; Case 6: LoD1 broadleaf tree models without tree stems; Case 7: LoD2 broadleaf tree models; Case 8: LoD3 broadleaf tree models; |U|,., = 2.88ms!.
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Fig. A.7. Contours for the non-dimensional turbulent kinetic energy difference at pedestrian height (1.75 m) for street canyon cases with a perpendicular wind direction. Case 6:
LoD1 tree models; Case 6": LoD1 conifer tree models without tree stems; Case 9: LoD2 conifer tree models; Case 10: LoD3 conifer tree models; |U|,., = 2.88ms!.
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Fig. A.9. Contours for the non-dimensional turbulent kinetic energy difference at pedestrian height (1.75 m) for street canyon cases with a parallel wind direction. Case 11: LoD1
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