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ARTICLE INFO ABSTRACT
Keywords: The effects of trees on urban flows are often determined in computational fluid dynamics simulations using a
Trees in urban environment quadratic drag formulation based on the leaf-area density a and a volumetric drag coefficient C}'. We develop

Modelling of tree canopy

o an analytical model for the flow within a vegetation canopy and identify the drag length ¢, = (aC})™" as the
Drag lengt

Drag coefficient key metric to describe the local tree drag, wl'lich r'epresents the adjustment lengthscale f01'r the mean velociFy

Aerodynamic porosity inside the canopy due to tree drag. A detailed literature survey suggests that the median #, observed in

Wind-break field experiments is 21 m for trees and 0.7 m for low vegetation (crops). Total 168 large-eddy simulations
are conducted to obtain a closed form of the analytical model which allows determining  and C} from the
wind-tunnel experiments that typically present the drag characteristics in terms of the classical drag coefficient
C, and the aerodynamic porosity «;. We show that geometric scaling of ¢, is the appropriate scaling of trees
in wind tunnels. Evaluation of ¢, for numerical simulations and wind-tunnel experiments (assuming geometric
scaling 1 : 100) in literature shows that the median ¢, in both these cases is about 5 m, suggesting a potential
overestimation of vegetative drag.

1. Introduction The required complexity of the tree model will depend on the modelling
needs of a project — a isothermal wind study will require a less complex
Trees are one of the central features of an urban environment. tree model than an urban microclimate study that additionally involves
Trees make up at least 10% of the total surface area in many cities, heat and moisture transfer, shading, evapotranspiration etc. The second
which implies that this environment can be referred to as an urban challenge is — once a suitable tree model has been selected — what
forest (Rowntree, 1984; Grey et al., 1986; Oke, 1989). Trees make  the appropriate parameter values are, as these will differ substantially
several contributions to the urban ecosystem, in particular flood water depending on the characteristics of the tree (e.g. species, age, season,
mitigation, reduction of heat stress through shading and evapotranspi- etc.).

ration, improvement of air quality, and noise reduction (Oke et al.,
2017; Bozovic et al.,, 2017). Trees also play an important role in
attenuating pedestrian-level winds (Chen et al., 2021). Indeed, trees

The drag exerted by trees is typically modelled, within CFD, as a
volumetric sink term (S,) of momentum with a quadratic dependence
on velocity (Shaw and Schumann, 1992; Raupach et al., 1996; Finnigan,

are regularly used as wind-breaks (Smith et al., 2021; Weninger et al., 2000; Nebenfiihr and Davidson, 2015)
2021). ’ ’ ’
Wind engineering practitioners have increasingly adopted a compu- Sy = —aC;/ [ulu, (€D)]

tational fluid dynamics (CFD) model approach to model the wind flow
behaviour at pedestrian height, and provide feedback on the thermal
comfort and safety conditions for the public. Given their prevalence,
it is critical to include vegetation in these simulations (Salim et al.,

where u denotes the wind velocity vector (typically the Reynolds-
average), a is the leaf-area density (Oke et al., 2017), and C; is the
volumetric drag coefficient. Models that are based on the Reynolds-

2015), which presents two distinct challenges. The first is to select an averaged .I\Ia\{ier—Stokes equa}ti?ns prically ?ISO add terms in the tur-
appropriate tree model given their complex interactions with the wind bulence kinetic energy and d1551pat10n' equations (Sanz, 2093§ Mochida
field, temperature, humidity, long- and shortwave radiation, and air et al., 2008; Salim et al., 2015; Buccolieri et al., 2018), but importantly

quality (e.g. Manickathan et al., 2018; Grylls and van Reeuwijk, 2021). these also include @ and C; .
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Nomenclature

a Aerodynamic porosity, « = U /U,

ay Aerodynamic porosity of the entire tree
canopy based on windward and leeward
planes, a; = a|,-; =U; /U,

p A lengthscale coefficient assumed to be
constant along the length of a tree canopy

Ap Kinematic pressure difference between the
windward and leeward sides of the canopy,
Ap = P = Prw

4y Tree drag length, ¢, = (aC‘;’)_1

y Factor relating bulk drag coefficient and
aerodynamic porosity, y = 132 = c(l +

L

B) (UO/ UOO)Z

I} Prediction for g based on regression model

2, Prediction for #;, by making use of the
regression model of f

A Pressure loss coefficient, 4 = 24p/(U%L)

(P)yz Average horizontal pressure over the tree
frontal area, (p),, = A;lffAF (x,y,z)dydz

v Kinematic viscosity of wind

P Kinematic pressure (pressure divided by
fluid density), averaged over time

u Streamwise component of wind velocity
averaged over time

p Wind density

u Wind velocity vector

S Volumetric source/sink term to model trees
in CFD simulations, S, = —aCY |ulu

a Leaf-area density

Ag Projected windward frontal area of a tree
canopy

¢ Velocity shape coefficient, ¢ =
(@), /@2, = (@), /U?

C, Bulk drag coefficient based on projected
frontal area, C; = 2F, /(pApU2)

C;’ Volumetric drag coefficient

Dr Vegetation drag number, Dr = L_, /¢,

F, Bulk drag force

H Tree canopy crown height from ground,
H=hy+h

h Height of a tree canopy along z-direction

hy Tree canopy base height from ground

L Length of a tree canopy along x-direction

L., Characteristic reference length of a prob-
lem

Prws> Puw Kinematic pressure at leeward and wind-
ward sides of the canopy, respectively

Re Reynolds number, Re = %

s Geometric scaling factor

S, Streamwise component of S,

U, (u),, Streamwise wind velocity averaged over
the tree frontal area, U = (u),, =
A;.lffAF u(x,y,z)dydz

Uy, U; U at windward and leeward planes of a

tree canopy, respectively, U, = U|,_, and
Up=Ult

Two distinct tree drag regimes can be identified: the extended
canopy regime and the wind-break regime. The first is the drag exerted
onto the atmosphere by extended forests, where the tree drag is in

U, Free stream wind speed, ie., U at a far
upstream location
|4 Volume of a tree canopy

Width of a tree canopy along y-direction
X, Y, Z Coordinate axes

equilibrium with the vertical divergence of the vertical transport of
horizontal momentum by turbulence (Belcher et al., 2008). As a is
formally defined as the one-sided leaf area per unit volume of air, this
allows for a straightforward calculation of C;’. The typical values for
both a and C; from literature are listed in Table A.2. The second drag
regime comprises limited-length (in streamwise direction) vegetation or
wind-breaks (Lyu et al., 2020), e.g., a tree line or a small park, where
the momentum from incoming wind is reduced by the tree drag. In this
case, one often relies on wind-tunnel studies that are able to determine
the drag force at high accuracy; after which it is straightforward to
calculate a drag coefficient as (Mayhead, 1973; Guan et al., 2003;
Cullen, 2005)
2F,

C; = s 2
0= At @

where F, is the drag force, Ay is the projected frontal area of the
tree canopy facing the incoming wind, U, indicates the average wind
speed at far upstream, and p indicates air density. There are two issues
with representing trees using C,. The first is that the value of C, is
not constant but has a strong dependence on the aerodynamic porosity
as can be noted in Fig. 1 and Table A.3. The concept of aerodynamic
porosity (a) was first introduced by Guan et al. (2003) who defined
it as the ratio of mean wind speed immediately leeward of a wind-
break to the approaching free stream wind speed. In this work, we
adopt a slightly modified definition for «, using the average velocity
at the windward plane of the tree canopy as denominator instead of
computing it at the free stream location:

ffAF u(x,y, z)dydz
/]AF (0, y, z)dydz

Here it is assumed that the wind velocity u is aligned with the x-
direction, and the tree canopy starts at x = 0; (x,y,z) indicating the
streamwise, cross-stream and vertical coordinate axes, respectively. For
comparatively less dense (higher porosity) tree canopies with sufficient
bleed flow through the tree, the difference in free stream wind speed
and the wind speed just upstream will be small, and therefore, the
definition above will tend to that of Guan et al. (2003). Note that «
is a function of x which implies that there is no universal value of C,
for trees. This is conceptually in contrast to bluff body flows where
C, becomes constant at high Reynolds number, depending primarily
on the projected frontal area and not on the length of the bluff body.
At times wind-tunnel studies report «; (= «|,_;; L being the length
of the tree canopy along the streamwise direction) which is the ratio
of the volume flux going out at leeward side of the wind-break to the
incoming flux. Fig. 1 shows the variation of C,; with respect to «;
reported in literature, along with values obtained from the simulations
carried out in this study. There are empirical models that link C,
and a; (Grant and Nickling, 1998; De-xin et al., 2000; Guan et al.,
2003) but these models lack a theoretical basis. The second issue of
representing tree drag with Eq. (2) is that it is not clear how the
classical drag coefficient C, is related to the volumetric drag coefficient
C;’. Alternatively, Gromke et al. (2016), Gromke (2018) and Gromke
and Ruck (2018) used a pressure loss coefficient (4: defined as the static
pressure loss per canopy length normalised by the dynamic pressure)
to describe the drag induced by the porous foam tree models used in
their wind-tunnel experiments. A relation between q, Cl‘l/ and 4 can be

a(x) =

3
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Fig. 1. Literature data reflecting overall C, ~ (1-a?

proposed model.

) behaviour corroborates the

found in the work of Balcz6 et al. (2009). However, relating them to
C, is not straightforward.

The accepted value of C;’ and « in a forest canopy can vary
depending on several factors such as tree species, size, age, canopy
density, seasonal foliage shedding, and wind conditions. Table A.2 sum-
marises the widely reported values of a and C‘}’ ; field and wind-tunnel
experiments of real trees indicate that the drag coefficient largely varies
within 0.1 < C;’ < 0.3 and the leaf-area density approximately ranges
between 0.1 < a < 1.6 m™! for trees and 1.0 < a < 12.6 m~! for
low vegetation (e.g crops). Although a and C{‘I’ both varies along the
height of the tree foliage, constant values are commonly taken in CFD
simulations (Buccolieri et al., 2018; Fu et al., 2024). Instead of species
specific values, majority of literature considers C;’ = 0.2 to reflect an
average value for urban vegetation in CFD modelling, and varied the
leaf-area density to incorporate seasonal effects; see Table A.2.

As per the tree model in Eq. (1), CFD simulations with a tree canopy
require a and C;’ as the main input parameters to model the tree. How-
ever, most wind-tunnel experiments with model trees typically only
measure C,;, with a few also reporting «; . A direct correlation between
a, C{‘l/ and C,, a; is yet to be achieved. Since C, is defined based on
a two-dimension projected area, is fundamentally different from the
volumetric coefficient C;’. Thus it is not clear what values for a and C;
to use as inputs to replicate the same aerodynamic characteristics of an
experimental model tree in a corresponding CFD simulation accurately.
The present study aims to establish a connection between the two set of
parameters in an appropriate manner such that both the CFD and wind-
tunnel model trees yield comparable aerodynamic traits. The work will
provide an insight into the drag caused by trees on the air flow, and
will propose the appropriate parameter values for use in CFD, and how
to infer these from wind-tunnel and field data. In order to do so, we
construct a simple analytical model for the wind flow inside trees in the
wind-break regime (Section 2) and conduct a parametric study using
large-eddy simulations (LES) of the flow through vegetation canopy
having various geometric configurations (Section 3). Results are shown
in Section 4 and we employ a nonlinear regression to fit a lengthscale
parameter in the analytical model. The implications of our findings are
discussed in Section 5 and conclusions are made in Section 6.

2. Analytical model for flow inside the tree canopy

Consider a homogeneous vegetation canopy of length L, width W
and height A, with the canopy base at height A, (Fig. 2). The canopy
starts at x = 0 where x is in the direction of the wind. The inflow profile
is turbulent. The aim is to create an analytical model for the flow inside
the canopy.

The starting point of the derivation is a simplified steady state
Reynolds-averaged horizontal momentum equation that only considers
horizontal advection, the drag exerted by the tree on the fluid, and the
pressure gradient:

_du _ op

ua + a = —aC;EZ . (4)
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Wind

Fig. 2. Schematic of a tree canopy.

Here, u is the wind velocity in x-direction, and p is the kinematic
pressure (the static pressure divided by the air density); the overbar
sign () indicates the temporal mean. This model assumes that the
tree canopy is sufficiently porous without significant deflection of the
incoming wind just upstream of the canopy. This allows us to drop
the advection terms (v du/dy and w du/dz) from Eq. (4). Moreover,
in the context of urban fluid mechanics, where the Reynolds number
of the flow is often in the range of 10* or higher (Shu et al., 2020),
the influence of diffusion term is insignificant in comparison to the
other terms in the governing equation. In addition, Reynolds-stresses
are assumed not to play a significant role in the wind-break regime.

Note that the product aC‘;’ fully characterises the drag properties of
the vegetation; we reformulate this and introduce the parameterisation
in terms of the drag length, £, = (aCé’)‘]. This length-scale was found
to be the central parameter for the adjustment scale for the momentum
loss due to tree drag in homogeneous vegetation canopies (Finnigan
and Brunet, 1995; Finnigan, 2000; Banerjee et al., 2013). Typical £,
values of vegetation canopies as inferred from various field-studies,
wind-tunnel studies, and simulations in literature are summarised in
Table A.2 and are displayed in Fig. 3 as box-plots. Here, we have
distinguished between tree canopies and low-vegetation canopies (i.e.
crops). The data shows that the median value of ¢, for trees is 21 m,
with an interquartile range of 10 < £, < 34 m. Low vegetation has a
median value of #; = 0.7 m with an interquartile range 0.4 < 7, < 1.2
m. Also shown in the figure are the values used in numerical models
which show a median value of 4.6 m with an interquartile range of
2.6 < ¢4 < 8.8 m. We note that this is substantially smaller than the field
studies suggest, which in turn might overestimate the effect of trees on
wind mitigation. However, note that it is unclear how much the trunks
contribute to the drag in the field studies, since trunks are likely to be
less important for extended canopies (which are what most of the field
studies report on) than for wind-breaks. The figure also shows estimates
for wind-tunnel model trees (green colour); the calculation method and
results will be discussed in Sections 5.1 and 5.2.

Averaging Eq. (4) over the canopy height and width, one obtains,
using the drag length 7,
d@),.  d(p),

— 42
dx+ dx

2 2
= —Z(u dyz ()
where (%), = Why ! h’;"” 71/‘,//22(*) dydz. To obtain a solution for
Eq. (5), we define the average velocity U = (u),,, average pressure
P = (p),, and a shape coefficient ¢ = (Ez)yz /U? which is assumed to be
independent of x. With these definitions, Eq. (5) is given by

du?  2dP _ 2 .,
ax Tedx de' )

We assume that the pressure gradient has the same form as the inertial
term inside the tree canopy, ie.,
2dp _ 2

¢ dx dx

This implies that the pressure inside the canopy is assumed to evolve
as P = Py + 1pc(U? - U2), where Py = P|,_, Uy = Ul,_, and f is a
coefficient assumed to be independent of x. The results will show that

)
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Fig. 3. Box-plot of drag length variation for trees, low vegetation, numerical-model
trees, and wind-tunnel model trees. Markers indicate the individual data point from
Tables A.2 and A.3. The circles indicates full-scale values based on literature and the
diamonds represent drag lengths of the wind-tunnel model trees in Table A.3 that have
been converted to full-scale values assuming a representative scaling factor s = 100 (this
has been chosen as a reasonable representative value in the absence of data on the exact
scaling factor used by each experimental study; for more details refer to Section 5.2).

this assumption works reasonably well. Although other parameterisa-
tions are conceivable, this one stands out for its simplicity. It should
be recognised that the coefficient f represents, apart from the effect of
pressure, all three-dimensional effects due to advective and turbulent
transport in the spanwise and vertical directions that are not included

in Eq. (4). With this assumption, Eq. (6) becomes

du? 2 5
1 — =——U". 8
(1+p) dx z, ®

Together with the boundary condition U(x = 0) = U,, Eq. (8) has the
solution

X
U=Uo exXp (—m) ) (9)

which implies that the aerodynamic porosity a given in Eq. (3) evolves
as

_U o x
a—UO—exp< (H/Md). 10)

Small values of x/¢,; < 1 are representative of the wind-break regime,
and large values of x/Z, > 1 of the continuous canopy regime (where
the model Eq. (4) is not valid). From Eq. (10), it can be inferred that
U drops to 5% of U, for a vegetation canopy with length 3(1 + )¢,.

Using the above analytical approximation, the canopy drag force
can be determined analytically, and is given by

Whe [*
FD=p/SudV=p—c/ U2 dx
14 fd 0

1 s _ __2L
= ZpthUo(Hﬂ){] exP( ( +ﬂ)fd>}'

Therefore, the drag coefficient defined in Eq. (2) is given by

_ Uy \* 2L
C“‘“”’”(G) {l'e"p<'(1+ﬁ)fd>}' 12

Note that C, attains 95% of its wind-break value in 1.5(1 + )¢, rather
than 3(1 + f)¢,, due to its dependence on U?2. Finally using Eq. (10),
C, can be directly related to the aerodynamic porosity as

Cy=vy (1—0&), 13

1D
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where y = ¢(1 + p) (UO/UQO)Z, and «; = a|,_,. This relation explains
why the literature (Hagen and Skidmore, 1971; Wilson, 1985; Grant
and Nickling, 1998; Dong et al., 2008) finds such a strong relationship
between C, and «;; see Fig. 1 which summarises the spread in C; of
wind-breaks and trees in relation to «; as reported in literature and
obtained in the simulations carried out in this work. A notable spread
in C, for a given porosity is due to different tree canopy types, and
also because the method of calculating the aerodynamic porosity varies
across the listed studies. According to Eq. (13), C, starts at 0 when
a; = 1, and then increases as ~ (1 —ai) with decreasing «; . Eventually,
C, reaches a value of y at «; = 0. These outcomes corroborate well
the physical flow behaviour inside a tree canopy as delineated in the
literature. Dong et al. (2007) reported a critical value of «; to be 0.3.
Above this critical a;, there exists a dominant bleed flow through the
tree causing the drag force to decrease quickly with increasing «; .
Below critical a;, there exists only little bleed flow through the tree
and most portion of the incoming wind flows around, resulting in a
recirculation zone downstream (Manickathan et al., 2018).

In the simplified canopy model proposed here, it is assumed that
the cross-section area of the tree canopy remains constant both along
its height and length. Moreover, the leaf-area density is assumed to
be constant along the height, and the effect of foliage reconfigura-
tion (Rudnicki et al., 2004; Vollsinger et al., 2005; Manickathan et al.,
2018) has been disregarded. These may not be always true for real
trees in nature. However, the importance of the proposed theoretical
model is that it provides an explicit understanding of the bulk (average)
flow behaviour inside the tree canopy. Certainly, the theory can be
extended in future taking the spatial variation of the tree properties
into consideration. Despite these obvious limitations, the present model
provides interesting insights into the determination of the volumetric
drag coefficient CY:

i. Aerodynamic porosity is a proxy for ¢, since a; = a|,.; =
exp (—L /(1 + ﬂ)fd). Thus the aerodynamic porosity provides di-
rect access to the drag length #,. Note that it is unnecessary
to determine the actual drag force, although that will of course
provide another independent estimate of £,.

ii. As far as total drag is concerned, the leaf-area density and the
volumetric drag coefficient are exchangeable and combine into
a single drag length 7, = (aC})~'. The corollary is that a must
be determined independently; once this is done, the appropriate
value for C;/ can be obtained using Z;.

iii. A limitation of the current model is that « is a meaningful
quantity only in the wind-break regime as it decays to zero
for extended canopies. Measurements of longer canopies do not
necessarily provide better information if the canopy length is
longer than the wind-break regime 3(1 + f)¢,.

Egs. (10) and (13) model the overall aerodynamic traits of the
vegetation canopy. The former indicates that the bulk flow decays
exponentially inside the canopy whereas the latter establishes a direct
correlation between «; and C,. However, the coefficient g in Eq. (10)
is unclosed and there is insufficient information available in literature
to determine it. A combination of both recirculation and bleed flow
affects the value of g, and it is likely to depend on L, W, H, ¢,;, U, U,
etc. Additionally, the dominant three-dimensional nature of the flow
at low ¢, (high aC‘;’) can significantly influence g, as the momentum
balance in such situations occurs in the vertical direction instead of
the horizontal momentum balance considered in Eq. (4). In order to
provide a suitable parameterisation of f, LES is used to carry out a
wide parametric study.

3. Simulation details

The simulations are performed using uDALES (Suter et al., 2022;
Owens et al., 2024) which is a multi-physics micro-climate modelling
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Fig. 4. Schematic tree canopy blocks: (a) square (S), (b) long (L), (c) wide (W), and
(d) infinitely wide (I) tree canopy along with the computational domain.

framework for the urban environment. It performs LES of the incom-
pressible Navier-Stokes equations within the Boussinesq approxima-
tion. The effects of urban surfaces are taken into account in terms
of a novel conservative immersed boundary method (Owens et al.,
2024). uDALES uses wall functions to model surface fluxes (e.g. shear
stress) which are then converted to appropriate source/sink terms to
apply in the momentum equations. Grylls and van Reeuwijk (2021)
included trees in the uDALES framework, modelling the drag, shading,
evaporation and deposition. The primary focus in the current work is
the drag behaviour under neutral atmospheric conditions. Trees are
modelled in uDALES as rectangular blocks, and the source/sink term
defined in Eq. (1) is applied to the grid points that fall within the
volumetric tree blocks. The turbulence is resolved up to the grid scale
and the subgrid-scale turbulence is modelled using the Vreman eddy
viscosity (Vreman, 2004). More details on the uDALES framework and
the tree modelling can be found in the works of Grylls and van Reeuwijk
(2021), Suter et al. (2022) and Owens et al. (2024). Full details of the
validation of the uDALES framework along with the tree model are
presented in Grylls and van Reeuwijk (2021, 2022).

The default tree geometry is chosen to be a cuboid of size L x
W X h = 45 x 4.5 x 6.5 m%, taking inspiration from the wind-tunnel
experiments of Fellini et al. (2022), resembling the canopy of a single
tree. The base of the tree is at 4, = 2.0 m height from the ground,
hence the crown of the tree is at a height of H = hy + 4 = 8.5 m from
the ground. Starting from this default tree geometry, a large parametric
study is set up, with canopies categorised as:

i. square (S): five such cases with L=W =4.5m, 9.0 m, 13.5 m,
18.0 m and 22.5 m;

ii. long (L): four such cases with L = 9.0 m, 13.5 m, 18.0 m and
22.5 m, keeping W = 4.5 m fixed;

iii. wide (W): four such cases with W =9.0 m, 13.5 m, 18.0 m and
22.5 m, keeping L = 4.5 m fixed;

iv. infinitely wide tree canopy (I): here the canopy width spanned
the entire computational domain width emulating an infinitely
wide tree canopy, two such cases with L = 4.5 m and 22.5 m are
considered.

Unless specifically mentioned, the height of the tree canopy is kept
constant as ~ = 6.5 m. Additionally, a few selected cases are also
run with different canopy heights, » = 13.5 m and 18.0 m. For each
of the above canopy dimensions, aC(}/ is varied such that aC! €
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Fig. 5. Temporal and spatially averaged profile of the flow-field supplied at the inlet
of the simulations with tree canopy; (a) stream-wise velocity, (b) Reynolds stress term,
and (c) turbulent kinetic energy. u,: shear/friction velocity.

[0.02, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0] m~1, i.e, Z; € [50.0, 10.0, 5.0,
3.33, 2.5, 1.67, 1.25, 1.0] m, respectively. These values of aC‘;’ are
selected in a way that they cover the spread of C;’ and a reported in
literature for various types of tree canopies as listed in Table A.2. All
simulation cases are systematically summarised in Table 1 for clarity.
The dimension of the computational domain is 256 x 128 x 32 m?,
consisting of total 512 x 256 x 64 grid points with approximately 0.5 m
uniform grid spacing in all directions. The tree blocks are placed at
64.0 m distance from the inlet, and symmetrically along the y-direction.
Schematic diagrams of the computational domain with different types
of tree canopies are shown in Fig. 4. The computational domain size is
such that the blockage ratio (= (tree frontal area/domain frontal area)
X 100%) remains below 5% for the ‘S’, ‘L.’ and ‘W’ cases. The ‘I’ cases and
the taller canopy cases are run with a larger domain of 256 x 128 x 64
m? (512 x 256 x 128 grid points) to maintain the acceptable limit
of 10% blockage ratio. Obviously, the tree canopies being porous in
nature, flow can pass through them, as a result, the actual blockage
ratio is less than what one obtains based on the frontal area. Unless
specifically mentioned, a prescribed inflow and a convective outflow
boundary conditions are used in the x-direction, while the y-direction
is periodic, and the top is free-slip. At the bottom, no-slip boundary
condition is used with a flat ground surface having roughness length
0.05 m. A precursor (driver) simulation (Suter et al., 2022; Owens
et al., 2024) with an empty domain is carried out first to generate a
neutral turbulent atmospheric boundary layer which is then provided as
inflow to the target simulations with tree canopy. The driver simulation
is performed with an assigned constant volume flow rate forcing in
the x-direction enforcing a bulk wind speed of 1.0 m/s, and with
periodic boundary condition in both x and y-directions. Temporally and
spatially averaged stream-wise velocity, Reynolds stress and turbulent
kinetic energy profiles obtained from the driver simulation output are
shown in Fig. 5. This output velocity data obtained from the driver
simulation is provided as inlet in the target simulations with the tree
canopy.

4. Results

For a qualitative visualisation of the flow inside a tree canopy,
we first present the mean streamwise wind velocity and the turbulent
kinetic energy, TKE = 0.5 («/i’ + 0/t + w'w’ ), contours at the mid-span
vertical plane for typical representative cases at #; = 3.33 m; see Fig.
6. The overall qualitative characteristics of the flow through the tree
canopy remain the same for all the canopy types. The presence of the
tree slows down the incoming flow as it enters into the canopy. Both
flow velocity and TKE decay close to zero towards the leeward side of
the canopy that has L (22.5 m) sufficiently longer than ¢, (3.33 m)




D. Majumdar et al. Journal of Wind Engineering & Industrial Aerodynamics 261 (2025) 106084

Table 1
Summary of the total 168 different simulation cases.
Type Canopy size Canopy length/Drag length
LXW xh [m?] L/t -]

S45 45%x45%6.5 0.09, 045, 0.90, 135 1.80, 270, 3.60, 4.50
S90 9.0x9.0x6.5 0.18, 0.90, 1.80, 2.70, 3.60, 5.40, 7.20, 9.00
S135 135%13.5%6.5 027, 135 270, 4.05 540, 8.10, 108, 135
S180 18.0x 18.0x 6.5 0.36, 1.80, 3.60, 5.40, 7.20, 108, 144, 18.0
S$225 22.5%x225%6.5 045, 225, 450, 6.75, 9.00, 135, 18.0, 225
L90 9.0x4.5x%6.5 0.18, 0.90, 1.80, 2.70, 3.60, 5.40, 7.20, 9.00
L135 13.5x4.5%6.5 0.27, 135, 2.70, 4.05, 540, 8.10, 108, 135
L180 18.0x4.5%x6.5 0.36, 1.80, 3.60, 5.40, 7.0, 108, 144, 18.0
L225 22.5x4.5%6.5 045, 225, 450, 675 9.00, 135, 180, 225
W90 4.5%9.0x6.5 0.09, 045, 090, 135 1.80, 270, 3.60, 4.50
W135 45%x13.5%6.5 0.09, 045, 090, 1.35 1.80, 2.70, 3.60, 4.50
w180 45%x18.0x6.5 0.09, 045, 090, 135 1.80, 2.70, 3.60, 4.50
w225 45%22.5%6.5 0.09, 045, 0.90, 135 1.80, 270, 3.60, 4.50
145 45%x128%6.5 0.09, 045, 090, 135 1.80, 2.70, 3.60, 4.50
1225 22.5%x128%x6.5 045, 225, 450, 6.75, 9.00, 135, 18.0, 225
S225H135 22.5%x225%x13.5 045, 225, 450, 6.75, 9.00, 135, 18.0, 225
S225H180 22.5x22.5x18.0 045, 225, 450, 675 9.00, 135, 180, 225
S135H135 13.5x13.5x 13.5 0.27, 135, 2.70, 4.05, 540, 8.10, 108, 135
S135H180 13.5x13.5x18.0 0.27, 135, 2.70, 4.05, 540, 8.10, 108, 135
L135H135 13.5%x4.5x13.5 027, 135, 270, 4.05 540, 8.10, 108, 135
W135H135 45%x13.5x13.5 0.09, 045, 090, 135 1.80, 2.70, 3.60, 4.50

(a) 20
20
10

z [m]

0

z [m] z [m]
_ TKE/UZ
0 0.5 ’LL/UOO 1 1.5 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
L s a— [ R — ]

Fig. 6. Contour of mean (a-d) streamwise velocity and (e-h) turbulent kinetic energy at the mid-span vertical plane at #, = 3.33 m for a representative case from each canopy
type. Dashed lines indicate the tree canopy position. U, is computed at a streamwise location approximately 50 m upstream of the tree canopy windward plane.

satisfying the condition of continuous canopy L > 3(1 + f)¢,; see cases To aid quantitative understanding, the variation of aerodynamic
§225, 1225 and 1225 in Fig. 6. However, for the canopy W225, the flow porosity along the length of the tree canopy is presented in Fig. 7 for a
velocity does not reach zero at the leeward plane, though it exhibits few typically chosen cases. Note that the evolution of @ computed from
the decaying trend being consistent with the other cases. In W225, the the simulation output indeed reflects an exponential decay reasonably
canopy length (4.5 m) is of a similar order of drag length (3.33 m) and well and thus supports Eq. (10) and the theoretical model proposed in
is within the wind-break regime L < 3(1 + p)¢,. Section 2.
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Fig. 7. Evolution of aerodynamic porosity inside the tree canopy: actual values obtained from simulation versus model prediction for a set of typically chosen cases. Other cases

follow the similar trend as well, and not shown here only for the sake of brevity.

The coefficient g in Eq. (10) can be estimated by extracting a(x)
from the wind velocity data inside the canopy. For each of the 168
simulations, an appropriate value of  has been obtained, that best fits
Eq. (10) to the «? variation measured from simulation output velocity
field. Here, o is considered instead of «, because C, has direct impact
from a2 (Eq. (13)).

Having obtained p for each simulation, a regression analysis was
performed. Applying the Buckingham-Pi theorem to the relation g =
F(L, W, H, ¢, Uy, Uy), we expect that g = g (L/¢,, W /€4, H/E,,
U /Uy). Subsequently, a regression analysis was carried out assuming
a power-law relation of the identified dimensionless quantities using
the MATLAB function fminsearch. Here, only cases for which a; >
0.3 were considered (0.3 being the critical aerodynamic porosity; Dong
et al., 2007). The nonlinear fit that minimises the error norm is given

by

0.33
§=027+0.55 <@> ,
;

14

where § indicates the regression fit for . Note that W H corresponds
to the frontal area A. The regression relation in Eq. (14) is a function
of the projected frontal area and the drag length only, and not on L/¢,
or Uy /U,.

In order to test the accuracy of this approximate model, § was
estimated based on the input L, W and ¢, for all the 168 simulation
cases, and then the evolution of a was predicted as per Eq. (10).
These model predictions are shown in terms of ‘orange-dotted’ lines
in Fig. 7. A reasonably good agreement is evident. Additionally, the
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Fig. 8. Comparison of model prediction and the values obtained from simulation for
the square of aerodynamic porosity. MAE: mean absolute error; RMSE: root mean
squared error.

model predicted ai are plotted against its value computed from the
simulation output wind velocity data in Fig. 8, showing mean absolute
error (MAE) and root mean square error (RMSE) of only 0.023 and

0.031, respectively. ai " and ai ALES exhibit reasonably good match,

establishing a good confidence on the proposed regression model. Next,
we discuss what are implications of the theoretical model proposed in
Section 2 and the regression model in Eq. (14), and how these can be
put to use in practice.

5. Implications
5.1. Linking CFD simulations to the wind-tunnel experiments

The analytical model can be used to estimate ¢, of model trees used
in wind-tunnel experiments. These experiments typically report C; and
a; (Table A.3). As pointed out in Section 2, «; alone is sufficient to
estimate the corresponding drag length. Indeed, rearranging Eq. (10)
and substituting Eq. (14) leads to

0.33
2, 1.27+0.55<W—f> =— 2L2 , (15)
fd ln(aL)

which is an implicit equation in 7, that can be solved using a root
finding method. The measurement of classical drag coefficient is re-
dundant here. The representative values for L, W and H, and «; can
be measured for a model tree in a wind-tunnel experiment and then
can be used to obtain fd using Eq. (15). This estimated value of ¢,
can then be used as input to model the tree in a corresponding CFD
simulation to replicate the same drag behaviour. We calculated 7, for a
series of wind-tunnel tree models from literature and summarise them
in Table A.3. #, for different scaled wind-tunnel tree models ranges
between 0.003-0.6 m approximately. The present study recommends
using £, estimated from Eq. (15) to model a tree in CFD simulations
as this equation is obtained based on the wind velocity (a direct flow-
field variable) inside the tree canopy, instead of estimating ¢, from
an average quantity like C,. Note that for lower aerodynamic porosity
(a; < 0.3) caused either by long canopy length or due to higher drag
length, In (ai) becomes extremely sensitive to the value of «;, which
may lead to erroneous prediction of #,; using Eq. (15), and the model
should be used with caution.

5.2. Appropriate scaling for model trees in wind tunnel

Having inferred #,; from the wind-tunnel experiments, it becomes
possible to argue what the appropriate scaling should be for trees in
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wind tunnels. To this extent, we non-dimensionalise the Navier—Stokes
equations using a characteristic reference length L , and velocity U,
which results in

Du _ 1 2

E——Vp+R—eV u-—Drlu|u, (16)
where Re = UL, /v is the Reynolds number (v is the kinematic
viscosity), and Dr is the vegetation drag number defined as
Lch

7

Wind tunnels often use geometric scaling, i.e., all geometrical dimen-
sions are scaled down by a factor s. Ideally all dimensionless quantities,
Re and Dr, in this case would kept identical to achieve full similarity.
However, it is typically not possible to achieve the same values of Re
in wind tunnels as in reality, but this is not of much concern as Re
does not play a crucial role in the urban settings provided it is larger
than 10° based on the building height (Shu et al., 2020). In order to
achieve similarity for the vegetative drag, Dr should have the same
value at both model scale (MS) and full scale (FS): In order to perform
the wind-tunnel measurements under the same conditions as in reality,
the drag length should scale by the factor s as well in order to maintain
the same value of Dr, i.e.,

Lch Leh
fd

Dr = a7

(7 L.
dMS _ TehMS _ l , 18)
Lepps s

MS fd

FS ZaFs
and thus similarity requires that £,;.js = £.ps/s-

The typical scaling factor s in wind tunnels is 100 — 400 (Wang
et al., 1996; Gromke et al., 2016; Gromke, 2018). From Table A.2 and
Fig. 3, the median of full-scale 7, g of trees is 21 m with interquartile
range of 10 to 34 m. Based on the arguments above, for a wind tunnel
with a scaling factor of 100, 7,5 needs to be within the interquartile
range of 0.1-0.34 m with median of 0.21 m. For a scaling factor of
400, ¢ ,.s needs to be within the interquartile range of 0.025-0.085 m
with median 0.05 m. From the estimated drag lengths of scaled model
trees in Table A.3, the median of 7,5 is approximately 0.05 m with
an interquartile range of 0.03—0.15 m. This confirms that trees used in
the wind-tunnel experiments have drag length overall falling within the
range mentioned above, albeit being on the lower side in comparison to
real trees (especially if s = 100), suggesting the effects of vegetation on
drag may be overestimated to some extent by the wind-tunnel models.

The argument for wind-tunnel scaling put forward here is consistent
with that of Gromke et al. (2016) and Gromke (2018), as demonstrated
below. They use foam to represent tree canopies (specifically the crown
layer) and infer its properties by measuring the pressure loss across
a foam model of thickness L that spans the entire wind-tunnel cross-
section. They determine a pressure loss coefficient 4 defined as (Balczo
et al., 2009; Gromke et al., 2016)
o 24

UZL
and has the unit m~1. Here, 4p = p,,, — p;,, is the static kinematic
pressure difference between the windward and leeward sides of the
foam.

As the foam covers the entire cross-section, the average velocity
U will remain constant and the momentum balance in Eq. (6) simply
becomes

19

1 Ap 1 2
-—=—=U" 20
cL ¢ (20)
Rearranging and substituting Eq. (19) yields
U’L -
ly == =2ea7, 21
d ap ¢ @1n

which shows that the drag length ¢, is simply the inverse of the
pressure loss coefficient A up to a constant. Covering the entire cross-
section with porous material is a smart way to avoid three-dimensional
flow effects that normal canopies will create otherwise. It offers a
straightforward manner to determine ¢, without having to involve the
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model developed in this paper. However for individual model trees,
often used in wind-tunnel experiments of urban microscale models, it
is not always possible to cover the entire wind tunnel uniformly and the
method developed in this paper will be preferable in such situations to
determine ¢,,.

5.3. Wind engineering

Wind engineering practitioners have increasingly adopted a numer-
ical (CFD) approach to model the pedestrian level wind environment
and provide feedback on comfort and safety conditions for the public.
These studies are part of several councils’ strategies to improve the
liveability of cities, as they become denser and taller due to a rapid
increase in urbanisation. A notable case in the UK is the City of London,
that recently defined specific Wind Microclimate Guidelines for new
developments in their borough (City of London Corporation, 2019).

One of the key aspects of wind microclimate studies is the de-
velopment and assessment of wind mitigation measures to resolve or
dissipate any excessive windiness in and around the area of interest.
Practitioners rely on CFD models, often steady-state, to quantify the
effectiveness of these mitigations in comparison with the baseline (un-
mitigated) situation. The mitigation measures include small elements,
however, their geometric and aerodynamic properties are hard to re-
produce in urban CFD models and may lead to large uncertainties in the
results. This is particularly true for porous elements such as trees and
vegetation. Among the many sources of uncertainties in CFD models
of trees, some are related to the choice of appropriate aerodynamic
parameters, on their use in the numerical model (particularly in the
turbulence terms), and on the sensitivity to the grid resolution.

Due to the lack of specific guidelines in the market, the choice of
appropriate parameters to describe the aerodynamic properties of vege-
tation is up to the modeller. Table A.2 illustrates the large variability of
a and C;’ found in literature, which inevitably leads to inconsistencies
in simulation results from different providers. This paper introduces a
way to combine these variables into the drag length #,, an adjustment
scale for the momentum loss due to the drag exerted by the trees.
By consolidating the input values into one parameter, the drag length
has the potential to reduce the spread in the results. However, further
work is needed to provide an extensive dataset and guidelines for
practitioners to enable a wider understanding and use of 7, in different
situations.

One pertinent problem is that « formally only provides information
about the leaves. For wind engineering applications, the trunks and
branches are also of importance, particularly since winter situations
with leave-less trees are typically used to quantify the effect of veg-
etation on wind microclimate. Here, the drag length 7, is highly
beneficial, since it directly quantifies the drag, and the parameters C;’
and a simply need to be set such that the appropriate value of ¢,
is obtained. For winter-scenarios, this might involve taking a normal
value for C:i/ (say 0.2) and then calculating the leaf-area density as
(C;’fd)‘l. In CFD simulations of summer scenarios that include tree’s
evaporative processes, it is paramount the correct value of a is used,
and thus C;’ can be set as (aZ;)”! to capture both drag and evaporation
appropriately.

Furthermore, the drag length 7, is likely dependent on the wind
speed. Indeed, it is well known that trees undergo foliage reconfig-
uration at high wind speeds (Bekkers et al., 2022), which creates a
strong dependence of C; on wind velocity (Manickathan et al., 2018).
For this reason some authors propose to use a streamlining coefficient
to be combined with C;, depending on structural properties of the
tree crown (Rudnicki et al., 2004; Vollsinger et al., 2005; Manickathan
et al., 2018).

A considerable source of uncertainty in tree simulations is the
strong dependency of the results on the grid resolution in the topology
representing a tree in the CFD model. The concept of drag length 7, is
linked to how rapidly the flow is retarded inside the tree canopy. This
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explicit connection between the tree aerodynamic properties and their
effects on the flow can provide useful insights to the minimum grid
resolution that is needed to resolve the flow in the area surrounding the
tree, which would be some fraction of #,. This could be very valuable
for the industry and guide the definition of specific guidelines for tree
modelling in CFD. We thus recommend further work to be carried out
that explores the grid requirements due to vegetation with simulation
codes used by practitioners.

6. Conclusions

This study developed an analytical model to evaluate the drag
characteristics of limited-length (in streamwise direction) vegetation
canopies. The model identifies a critical drag parameter, namely the
drag length #, = (aC})~'. Here, a is the leaf-area density and C}/ is a
volumetric drag coefficient, not to be confused with the classical (bulk)
drag coefficient C, that is often determined based on projected frontal
area in wind-tunnel experiments of vegetation. A detailed study of
the literature, summarised in Table A.2, demonstrates that the median
value of 7, observed in field experiments is 21 m. The median value
of ¢, for low vegetation (e.g. crops) is 0.7 m. For tree canopy and low
vegetation, there is a substantial spread in the data.

The analytical model clearly shows that the classical drag coefficient
C, is linked to the aerodynamic porosity a; as C, ~ (1 - a%), providing
an explanation for the strong correlation between these parameters
observed in wind-tunnel studies. The extensive parametric LES inves-
tigation conducted in this work allowed to obtain a closed form of
the analytical model, which permits the direct translation between
wind-tunnel experiments (that tend to determine C,; and «;) and CFD
simulations (which require a and C://)' This makes it possible to under-
stand what values for a and C; are required to perform simulations
of wind-tunnel experiments, and vice versa. The calculation of 7, for a
substantial number of wind-tunnel experiments was performed in Table
A.3. Median 7, is 0.05 m with an interquartile range 0.03—0.15 m for
the scaled tree models in wind tunnels.

The identification of the drag length ¢, provides clarity on what
scaling needs to be used for trees in wind-tunnel experiments. Through
the non-dimensionalisation of the Navier-Stokes equations, it is possi-
ble to derive a dimensionless vegetation drag number Dr = L,,/?,,
with L., a characteristic length of the problem. Geometric scaling
would therefore need to be applied to #, as well in order to achieve the
same dynamic conditions as at full scale. A comparison with the work
of Gromke et al. (2016) and Gromke (2018) showed full consistency
with the scaling proposed in that work.

In the context of wind engineering, the introduction of a new
vegetation metric would bring about significant benefits to the current
status quo. Indeed, reducing the uncertainty in tree modelling is es-
sential if we wish to include trees in wind mitigation schemes with
confidence. Future efforts should focus on expanding the dataset of
drag length values across various tree species and sizes, as well as
accounting for seasonal variations in deciduous trees. By doing so, wind
engineers will be better equipped to integrate trees and vegetation into
their mitigation designs, enhancing not only wind comfort but also
delivering valuable environmental co-benefits.
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Table A.2
Typical values of volumetric drag coefficient (C}) and leaf-area density (a) reported/used in literature for different vegetation canopies, and the corresponding drag length (¢,)
values.
Reference Type cy o [-] a [m™] £y =(Cy)™" [m]
Field experiments of tree canopies
Baldocchi and Meyers (1988) Deciduous 0.15° 0.28% 23.61
Amiro (1990) Aspen 0.14% 0.43% 16.67
pine 0.1712 0.166% 35.06
spruce 0.13* 1.59° 4.85
Gardiner (1994) Spruce 0.2° 0.577 8.77
Katul et al. (2004) Spruce 0.2 1.0 5.0
Aspen 0.2 0.4 12,5
Jack pine 0.2 0.133 37.5
Scots pine 0.2 0.13 38.5
Loblolly pine 0.2 0.237 21.05
Hardwood forest 0.15 0.227 29.33
Field/wind-tunnel experiments of low vegetation
Shaw et al. (1974) and Massman (1987)  Corn canopy 0.17 1.14* 5.15
Wilson et al. (1982) Corn canopy 0.17 3.03% 1.94
Katul et al. (2004) Rice canopy 0.3 4.31 0.77
Corn canopy 0.3 1.32 2.53
Molina-Aiz et al. (2006)¢ Tomato 0.26 5.6, 8.2, 11.7 0.69, 0.47, 0.33
Sweet pepper 0.23 5.8, 10.6, 12.6 0.75, 0.41, 0.34
Aubergine 0.23 3.7, 6.7, 11.6 1.17, 0.65 0.37
Bean 0.22 3.6, 5.8, 6.8 1.26, 0.78 0.67
Numerical simulations of vegetation canopies
Li et al. (1985) Pine forest, corn canopy 0.165 0.71%, 1.06* 8.54, 5.72
Shaw and Schumann (1992) Deciduous forest 0.15 1.99%, 5.04* 3.34, 1.32
Svensson and Héggkvist (1990) Corn canopy, orchard 0.3 0.5, 2.1 6.67, 1.59
Liang et al. (2006) Trees in an urban area 0.2 0.4-0.75 12.5-6.67
Belcher et al. (2008) Open woodland to dense spruce plantation 0.25 0.1-1.0 40.0-4.0
Amorim et al. (2013) Trees in an urban area 0.2 1.0 5.0
Kenjere$ and ter Kuile (2013) Trees in an urban area 0.1 1.0, 3.0 10.0, 3.33
Gromke and Blocken (2015a,b) Trees in an urban area 0.2 1.0 5.0
Gromke et al. (2015) Trees in an urban area 0.2 0.55, 0.75, 1.5 9.1, 6.67, 3.33
Krayenhoff et al. (2015) Trees in an urban area 0.2 0.06-0.5 83.33-10
Vranckx et al. (2015) Trees in an urban area 0.15, 0.33 1.6, 4.0 4.17, 1.89, 0.76
Ghasemian et al. (2017) Trees in an urban area 0.6 0.17, 0.42, 1.0, 1.25, 3.33 9.8, 3.97, 1.67, 1.33, 0.5
Jeanjean et al. (2017) Trees in an urban area 0.25 0.0, 1.06, 1.6 o, 3.85, 2.5
Moradpour et al. (2017) Trees in an urban street canyon 0.2 0.5-2.0 10.0-2.5
Santiago et al. (2017) Trees in an urban area 0.2 0.0625, 0.125, 0.25 80.0, 40.0, 20.0
Yang et al. (2017) Trees in subtropical urban park 0.2 1.0, 4.0 5.0, 1.25
Grylls and van Reeuwijk (2021, 2022) Trees in an urban area 0.2 1.0 5.0
Ricci et al. (2022) Trees in an urban area 0.3 1.0- 3.0 3.33-1.11
Duan et al. (2024) Trees in an urban area 0.1, 0.2 25, 1.0 4.0, 5.0
Fu et al. (2024) Trees in an urban area 0.2 2.2,1.8,1.6,1.4,1.0, 06, 0.2 2.27, 2.78, 3.12, 3.57, 5.0, 8.33, 25.0

2 Average value calculated based on the profile given in the article.
b Taken based on other literature of similar vegetation type.
¢ This study was carried out in wind tunnel.
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Appendix. Drag coefficients in literature
The typical values of the volumetric drag coefficient and leaf-area

density for various types of vegetation canopies are summarised in
Table A.2. The table includes measurements based on field studies
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and wind-tunnel experiments of different vegetation species, as well as
values used in numerical simulations for modelling vegetation canopies
in urban areas. The corresponding drag length for each of these cases
can be directly computed as (aC(;’)fl; see Table A.2. In Table A.3, we
infer the drag length of the model trees used in different wind-tunnel
studies. These estimated values can be a good choice to start with to
replicate those wind-tunnel experiments through numerical simulation.
Note that due to lack of sufficient information, several assumptions
had to be made to determine different parameters as indicated by the
footnotes in Table A.3. The aerodynamic porosity values mentioned
in Table A.3 for Guan et al. (2003), Bitog et al. (2011), Lee et al.
(2014) and Fellini et al. (2022) are directly taken from the respective
articles. Among these Guan et al. (2003) used the undisturbed free
stream wind speed profile far upstream the model wind-break to com-
pute the denominator in the definition of « (Eq. (3)), instead of using
the velocity just upstream the windward plane as taken in the present
study. Grant and Nickling (1998) and Manickathan et al. (2018) re-
ported only the optical porosity and not the aerodynamic porosity. For
these two studies, the authors used the a; = a%“ relation (Guan et al.,
2003) to obtain an estimation of «;. It is worth mentioning that the
aerodynamic porosity of a real tree might depend on the streamlining
capability of the tree. However, the scaled model trees often used in
wind-tunnel experiments cannot mimic the mechanical properties such
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Table A.3
Estimated drag length for wind-tunnel model trees from literature.

Reference Description C, [-] ay [-] U, [m/s] L [m] W [m] H [m] £, [m]

Grant and Nickling (1998) artificial Scots pine Christmas tree
-least porous 1.2% 0.51° - 0.3¢ 0.3 1.45 0.173
-medium porous 1.07¢ 0.63" - 0.3¢ 0.3 1.45 0.299
—most porous 0.865 0.69" - 0.3¢ 0.3 1.45 0.402

Guan et al. (2003) model no. 1 1.06% 0.133¢ 1.6-5.3 0.14 0.5 0.1 0.015
model no. 2 0.94° 0.303¢ 1.6-5.3 0.14 0.5 0.1 0.038
model no. 3 0.84* 0.401¢ 1.6-5.3 0.1 0.5 0.1 0.034
model no. 4 0.81° 0.450¢ 1.6-5.3 0.1 0.5 0.1 0.043
model no. 5 0.74* 0.503¢ 1.6-5.3 0.1 0.5 0.1 0.054
model no. 6 0.67% 0.605¢ 1.6-5.3 0.1 0.5 0.1 0.086
model no. 7 0.6* 0.685¢ 1.6-5.3 0.1 0.5 0.1 0.128

Bitog et al. (2011)° Pinus thunbergii
— one tree 0.55 0.91 2.0-8.0 1.0 1.0 1.7 7.34
- two tree 0.82 0.69 2.0-8.0 1.0 1.0 1.7 1.53
- three tree 1.08 0.42 2.0-8.0 1.0 1.0 1.7 0.5

Lee et al. (2014) Abides concolor
- control - 0.2985 5.0 0.11¢ 0.11 0.19 0.033
- rotated - 0.344 5.0 0.11¢ 0.11 0.19 0.04
- no leaf - 0.8782 5.0 0.11¢ 0.11 0.19 0.568

Manickathan et al. (2018) model tree 1 0.58 0.102° 3.0-20.0 0.04¢ 0.04¢ 0.12 0.003
model tree 2 0.68 0.219" 3.0-20.0 0.082¢ 0.082¢ 0.10 0.019
model tree 3 0.70-0.75 0.448" 3.0-20.0 0.114¢ 0.114¢ 0.21 0.062
Chamaecyparis pisifera 0.72—-0.87 0.381° 3.0-20.0 0.119¢ 0.119¢ 0.25 0.048
Ilex crenata 0.87 0.382° 3.0-20.0 0.128°¢ 0.128° 0.32 0.05
Ilex crenata — defoliated 0.31-0.33 0.871° 3.0-20.0 0.128° 0.128° 0.32 0.606

Fellini et al. (2022) single model tree 1.07 0.3 4.0-24.0 0.045 0.045 0.065 0.014

2 C, was calculated based on the streamwise velocity at canopy crown height (#),|._y, instead of U,.

b

¢ L was not mentioned in the particular literature, hence takes same as W.
d

a, was estimated from optical porosity («,) at quiescent condition as a; = ag“ (Guan et al., 2003).

aerodynamic porosity was computed based on the free stream wind speed profile 1.5 m upstream of the model wind-break.

¢ W was not mentioned in the particular literature, hence calculated in a way that W x H matches the mentioned projected frontal area.

f This study considered full-scale tree models.

as modulus of elasticity of a real tree accurately (Manickathan et al.,
2018), thus exhibiting comparatively rigid behaviour. As a result, the
difference in the streamlining effects of different tree models can be
disregarded, and the formula suggested by Guan et al. (2003) may be
used to obtain «; without involving significant error. Certainly, the
aerodynamic porosity value obtained in this manner may not match
exactly with the value derived from velocity flux measurements, but it
serves as a good estimation to start with. Based on the tree dimension
and aerodynamic porosity mentioned in Table A.3, the corresponding
Z, values are estimated by solving Eq. (15) numerically using the
MATLARB function solve and reported in the last column. The classical
drag coefficient values are redundant in this context. The 7, values
can be directly used to replicate these wind-tunnel studies in CFD
simulations.

Data availability

Data will be made available on request.
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