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Abstract

The multiscale evaluation method is applied to assess the influence of detailed
geometric modeling of trees on their macroscopic attenuation effect against
tsunami-like flow. Specifically, we conduct a series of numerical flow tests (NFTs), i.e., 3D
flow simulations in a local test domain (LTD), under various inflow conditions to
evaluate the macroscopic flow characteristics in the LTD accommodating an array of
either simple cylinder or detailed tree models that mimic a coastal forest. After the
procedure of NFTs in the multiscale evaluation method is briefly summarized and the
corresponding governing equations and analysis conditions are presented, we
introduce two indices for evaluating the macroscopic flow characteristics within the
framework of multiscale modeling. Based on the NFT results, we discuss how the
modeling scheme for trees influences the macroscopic flow characteristics in terms of
these indices and clarify the microscopic mechanisms that influence the macroscopic
attenuation property. Additionally, the NFT results are compared with the experimental
results to justify these discussions, and key factors are explored in terms of reproducing
real phenomena. In addition, to apply the multiscale evaluation method to assess the
disaster mitigation performance of various types of ecosystems in a realistic situation,
we discuss under what circumstances and with what level of detail vegetation should
be modeled.
Keywords: Multiscale evaluation, Numerical flow test, Coastal forests, Attenuation
effects, Geometric modeling of trees, Tsunami mitigation

Introduction
As global awareness of disaster mitigation is growing, the scientific community has taken
an interest in the concept of ecosystem-based disaster risk reduction (Eco-DRR), a strat-
egy realized by maintaining ecosystems such as forests, wetlands, and coral reefs. These
ecosystems are expected to “act as natural infrastructure, reducing physical exposure to
various hazards” [1]. Accordingly, Eco-DRR is mentioned several times in the Sendai
Framework for Disaster Risk Reduction 2015–2030 [2], indicating that the utilization of
natural resources for disaster mitigation purposes is being recognized worldwide. Among
all different types of Eco-DRR systems, forests are representative and have thus attracted
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considerable attention. Shuto [3]was thefirst to perform fundamental investigations of the
performance of natural trees for mitigating water-related hazards. Following his pioneer-
ing work, many observational studies have demonstrated the potential of natural trees for
reducing the risks of natural disasters [4–6]. Indeed, as a result of the lessons learned from
the Great East Japan Earthquake and the resulting tsunamis, coastal forest is presently
considered a component of multiple defense systems to protect against tsunamis [7–9].
To further promote coastal forest as a sustainable and effective disaster mitigation sys-

tem, a substantial number of studies have been conducted to understand the performance
of natural trees. Conventional numerical and experimental studies have used a group of
vertical columns that mimic a natural forest, e.g., [10–15]. For example, on the basis of
numerical simulations on an array of cylinders, Maza et al. [15] emphasized the relative
importance of the overall tree density over the domain. Anjum and Tanaka [16] exper-
imentally investigated flow through vegetation modeled by a combination of tall/short
circular cylinders and clarified the resultant energy dissipation due to the discontinuous
vertical distribution of cylinders. In addition, some researchers have tried to reflect the
complex morphology of trees in inundation simulations; see, e.g., [17–21] with a view to
practical applications.However,most of thesemodels are limited to two-dimensional (2D)
expressions; hence, the effect of complex geometries has not been sufficiently considered
thus far.
To fully evaluate the performance of complex tree geometries, 3D tree models are con-

sidered to be essential. For instance, the complex root system of mangrove trees has
been confirmed to dramatically improve the flow attenuation property; thus, to better
estimate the flow through mangrove stands, mangrove trees have been modeled in three
dimensions [22–25]. Furthermore, Maza et al. [20] conducted hydraulic experiments on
3D-printed tree models and reported that the flow speed inside a complex vegetation
geometry is up to 50% lower than that in other zones. Such 3D tree modeling is feasible
based on recent 3D scanning techniques and plant modeling algorithms [26–29]. Never-
theless, 3D numerical simulation of flow through a group of trees with complex geometry
is computationally intensive and therefore requires an efficient approach.
According to demands on the 3D modeling of trees with reasonable computational

cost, we originally presented a multiscale evaluation method for determining their drag
effects [30]. In thatmethod, by employing a flow simulation scheme for theNavier–Stokes
equations, we conduct “numerical flow tests” (NFTs) for the “local test domain” (LTD), a
sort of representative elementary volume (REV) [31], in which a limited number of trees
are regularly placed to capture the geometrical features of trees. Then, homogenization
or spatial averaging is carried out to characterize the “macroscopic” attenuation property
that reflects the “microscopic” mechanisms of flow through a coastal forest. Since the
effectiveness and capability of the proposedmethod were well demonstrated in a previous
study [30], we can now make further arguments against tree modeling. That is, we are
ready to answer the following question: in what situation do we need to model the coastal
forest by an array of treeswith complex tree geometries instead of simple vertical cylinders,
or vice versa?
To answer the question posed above, in this paper, we investigate the flow conditions

requiring detailed geometric modeling formultiscale evaluation of coastal forests In other
words, along the lines of the previous multiscale evaluations [30], we try to reveal the
specific flow situations in the 2D macroscopic simulations to highlight the significant
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contradictions between the actual performance of coastal forests and the estimated ones
due to insufficiency of geometric tree modeling. For this purpose, we trace the numerical
flow tests, i.e., 3D flow simulations in the LTD introduced in the previous study, and then
calculate the macroscopic flow attenuation as the spatial and temporal averaging values
for the microscopic flow mechanics around a tree’s geometry. Specifically, by arranging
simple cylinder and detailed tree models in an open channel that mimics a coastal for-
est, we conduct a series of NFTs under various inflow conditions with different inflow
velocities and depths and discuss the effect of the canopies of the tree model from the
comparison between two models. After the procedure of NFTs along the lines of the
multiscale evaluation method is briefly summarized and the corresponding governing
equations and analysis conditions are presented, we introduce two indices for evaluating
the macroscopic flow attenuation characteristics. Then, the NFT results are investigated
from themacro- andmicroscopic perspectives; that is, we discuss how the geometrymod-
eling for trees influences the macroscopic flow characteristics in terms of these indices
and clarify themicroscopicmechanisms that influence themacroscopic attenuation prop-
erty. Additionally, the NFT results are compared with the experimental results to justify
these discussions, and key factors are explored in terms of reproducing real phenomena.
In addition, to apply the multiscale evaluation method to assess the disaster mitigation
performance of various types of ecosystems in realistic situations, we discuss under what
circumstances and with what level of detail vegetation should be modeled.
A preliminary study was conducted by performing NFTs on isolated canopied-tree

and cylinder models at various combinations of inflow depths and velocities, and the
results are presented in Appendix A, from which the validity of 3D flow simulations in
this study is confirmed. For 3D flow simulations in the LTD necessary for the NFTs,
we employ the stabilized finite element method (FEM) [32,33] incorporated with the
phase-field method [34,35]. It is worth mentioning that this study does not demonstrate
the 2D macroscopic flow simulations, although the 3D microscopic flow simulations are
regarded asNFTs in thepreviousmultiscalemodeling.Thus, the aimof this study is limited
to quantitatively arguing the necessity of advanced modeling in the 3D NFTs, though
the supposed achievements are expected to eventually contribute to the performance
evaluation of the coastal forests.

Numerical flow tests for identifying flow conditions requiring detailed
geometric modeling
Multiscale evaluation of coastal forests

This section is devoted to describing the multiscale evaluation method for assessing the
disaster mitigation performance of trees that was recently proposed in our previous work
[30].
In the context ofmultiscalemodeling, we assume that themacroscopic flow characteris-

tics (Fig. 1a) canbe evaluatedbyperforming the spatial averagingof theflowcharacteristics
in a representative domain on the local or, equivalently, microscopic scale, which is illus-
trated in Fig. 1b. In other words, the method proposed in the previous study [30] hinges
on NFTs to be conducted in the “local test domain (LTD)” that contains arrays of the
detailed tree or circular cylinder models. The idea of NFTs with an LTD underlies the
theory of spatial averaging based on the scale separation principle as commonly assumed
in computational homogenization; see [36–38].
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Fig. 1 Concept of spatial-scale separation: amacroscopic flow, where the results of numerical flow tests are
finally reflected, and (b) local test domain (LTD), which is assumed to be a representative elementary volume (REV)
for our numerical flow tests. See Nomura et al. [30] for a more detailed explanation of spatial-scale separation

Here, themacroscopic flows in Fig. 1a are supposed to be simulated by the 2D equations
(e.g., shallow water equation) for computational efficiency, while the 3D Navier–Stokes
equations are to be employed for the local scale simulation. Needless to say, since the
macroscopic flow simulations are significantly affected by how to achieve the local test
domain (LTD) illustrated in Fig. 1b. The NFT scheme, its resolution scale, or the LTD
size have nonnegligible influences on the ultimate results of the evaluated macroscopic
property. Nevertheless, expressing the effects of tree geometry should be the primary topic
for such arguments. To clarify this point, we focus on the process of 3D NFTs, especially
for the LTD setup, as mentioned in the first section.
In what follows, the established LTD, accommodating either tree models with detailed

geometry or simple cylinders, is first explained. Second, we present the equations govern-
ing the motion of 3D local flow inside the LTD along with the boundary/initial conditions
used for NFTs. Analysis conditions for the finite element (FE) flow simulation are also
provided. Finally, to investigate the effects of modeling trees in detail, we introduce two
indices to evaluate the macroscopic attenuation effect.

Tree model with canopy and circular cylinder model

As mentioned in the Introduction, we set up two types of tree models: a model with a
canopy that imitates the fairly detailed geometry of an actual tree and a circular cylin-
der model. Hereafter, the former and latter are simply referred to as the “canopied-tree
model” and “cylinder model”, respectively. Both models are arrayed in a rectangular open
channel, which is employed as the LTD. Each array inside the LTD consists of 26 struc-
tures (either canopied-tree or cylinder models) located at an interval of 0.1 [m]. Here, the
LTD is a kind of REV according to the theory of flow through porous media [31]. See
the previous study [30] for a detailed explanation and a description of the LTD concept.
In this study, the rectangular open channel has dimensions of 3.12 m × 0.2 m × 0.5 m
(length × width × height) for the LTD.
The canopied-treemodel consists of a central trunk and 30 branches, as shown in Fig. 2a,

where the canopy is mounted on the upper part of the cylindrical trunk. Six branches are
located at the same height, and each branch is inclined 45◦ with respect to the horizontal
floor. While the complex shape is established in the canopied-tree model, the cylinder
model has a cylindrical trunk only, as illustrated in Fig. 2b. The heights of both models are
the same and set at 0.22 [m], but only the cylindrical trunk parts of both models have the
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Fig. 2 Setup of numerical flow tests in the LTD accommodating either tree models with a detailed geometry or
circular cylinders. a Canopied tree model; b cylinder model; c, d rectangular open channel, i.e., LTD with both
models; e top view of the LTD with the staggered arrangements of 26 tree models

same diameter set at 0.01 [m]. It is, however, noted that both models are treated as rigid
(that is, undeformable) bodies in this study. Note that the spatial scale of the LTD in this
study is also set to be consistent with the model experiment conducted by Hayashi et al.
[39] using miniature trees for validation purposes, in line with the previous setting [30].

Governing equations for NFTs in the LTD

As shown in Fig. 1b, the LTD is denoted by Y and divided into three subdomains as

Y = Yair ∪ Yf ∪ Ys, (1)

where Yair, Yf, and Ys are the domains of air, water and the group of vertical structures,
respectively. Here, Ys can be further represented as

Ys =
N∑

j=1
Ys,j , (2)

where N denotes the total number of vertical structures inside the LTD, and Ys,j is the
domain occupied by the j-th structure. As mentioned above, we set N = 26 as in Fig. 2e
in this study. Since each vertical structure is assumed to be rigid, a boundary of Ys,j is
considered a spatially fixed surface against the flow.
We employ the following 3D Navier–Stokes equations to simulate the flow through an

array of either the canopied-tree or cylinder models:

ρ

(
∂u
∂t

+ u · ∇u
)

= ∇ · σ + b
∇ · u = 0

⎫
⎬

⎭ in Yair ∪ Yf, (3)

where u is the flow velocity vector, ρ is the mass density, and b is the body force vector
due to gravity. For a Newtonian fluid such as water, the stress tensor σf is given as

σ = −PI + 2μd, (4)
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Table1 Information about stabilized finite element flow simulations

Model type Tree Cylinder

Nodes 6,177,902 1,031,043

Elements 35,313,776 5,341,362

Element size: πd 1:40

Time step �t 0.001 [s]

Data sampling 100 [Hz] (Per 0.01 [s])

Density ρ 998 [kg/m3]

Viscosity μ 1.01e−3 [Pas]

where P andμ and d denote the pressure, viscosity and the strain rate tensor, respectively.
To discretize Eq. (3), we employ the SUPG/PSPG stabilized FEM [32]. Additionally,

the Crank-Nicolson scheme is applied for temporal discretization. Notably, turbulence
stresses are not considered in our simulations because they are considered to be much
smaller than the drag effects caused by the array of trees or plants, as reported in [40].
The specific numbers of elements and nodes for our FE flow simulations are summarized
in Table 1 along with the other parameters. In addition, the phase-field method is utilized
to capture the motion of a water free surface; see, for example, Chiu and Lin [34] and
Takada et al. [35] for a detailed explanation. Thus, the viscosity μ and the density ρ in the
momentum equations are defined by the following simple mixture rules.

ρ = ρf · φ + ρair · (1 − φ), (5)

μ = μf · φ + μair · (1 − φ), (6)

where φ is the phase field variable evaluated at each nodal point which determines the
interface between Yf and Yair, so that every point belongs to either the water domain Yf
(φ = 1.0) or the air domain Yair (φ = 0.0). Thus, the boundary surface ∂Yfree can be
expressed as:

∂Yfree = {x ∈ Yf ∪ Yair | φ(x) = 0.5} (7)

Additionally, the application of the stabilized FEM to free surface flow simulations is well
demonstrated in Takase et al. [41].

Boundary, initial and inflow conditions

The boundary conditions are established on the boundary surface of the flow domain Yf
inside the LTD Y . The boundary domain is denoted by ∂Y and is represented as

∂Yf = ∂Y±1 ∪ ∂Y±2 ∪ ∂Y ∗
s ∪ ∂Ybottom ∪ ∂Yfree, (8)

where ∂Y±i represents the i-th surfaces with signs ‘±’ indicating the directions of the
outward unit normal vectors with respect to the coordinate axes. Here, Y ∗

s indicates
the domain of the submerged structures, which is the subset of that of whole structures
(Y ∗

s ⊆ Ys), Ys, and then its boundary surface is expressed with ∂Y ∗
s . Additionally, ∂Ybottom

and ∂Yfree are the free and bottom surfaces, respectively.
Nonslip conditions are imposed on the bottom surface and the surfaces of the vertical

structures as

u|∂Ybottom∪∂Y ∗
s

= 0. (9)
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Additionally, to consider the group or crowd effect for a limited simulation domain in
the direction orthogonal to the overall flow, the following periodic boundary condition is
employed:

u|∂Y−2 = u|∂Y2 . (10)

Inflow û is applied on the upwind surface of the LTD as

u|∂Y−1 = û =

⎧
⎪⎨

⎪⎩

û1
0
0

⎫
⎪⎬

⎪⎭
, (11)

which has the prescribed component û1 only in the direction parallel to the overall flow,
i.e., the x1-direction. Note that this setting of boundary conditions is based on the assump-
tion that the scale separation principle is applicable. That is, it is assumed that the LTD is
sufficiently small compared to the macroscopic domain and that the macroscopic fields
are constant within the local domain while variable at the macroscopic scale. As a result,
the periodic boundary condition in the lateral direction is valid for obtaining the macro-
scopic attenuation property depending on an arbitrary flow velocity and depth, but not
intended to directly simulate actual flow phenomena such as tsunamis.
A Sommerfeld nonreflecting boundary condition [42] is applied to the outflow surface

∂Y+1 by solving the radiation equation; see Yoshida and Watanabe [43] for a detailed
explanation. Additionally, the inflow depth ĥ is prescribed to control the flow rate in
conjunction with the condition in Eq. (11). When the initial value of ĥ is determined on
∂Y−1 in the inflow condition, the initial height of the water-air interface in the whole
domain is set equal to ĥ.

Conversion of speed by Froude number

The flow condition around trees at the real scale is associated with that of miniature
models using the Froude number as established in our previous study [30]. Specifically,
the Froude number of the inflow in our NFTs as well as the model experiment [39] is
assumed to be the same as that of the actual scale flow, so that the following condition is
satisfied:

Fr = û1√
gL

= U√
gL (12)

where û1 and L are the inflow speed and the representative length of the LTD for NFTs,
respectively, andU andL are the flow speed and the representative length of the structure
in a realistic situation, respectively.
When the tree height at the real scale is set to be λ times larger than that of theminiature

tree, the flow speed and the representative length in a realistic situation can be written as

L = λL, (13)

U = √
gL · Fr = λ1/2 · û1. (14)

Note that the pressure calculated in our NFT is 1/λ times smaller than the value exerted
on a realistic scale according to this equivalency of the Froude number.
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Indices for macroscopic flow characteristics

Two indices are introduced to characterize the macroscopic flow. Based on the theory of
multiscale evaluation, we first define the time averaging of time-varying data as

•̄ = 1
T

∫ t

t−T
• dt, (15)

where t is the termination time of a simulation. Additionally, T is the time averaging
interval and set to be the period during which to attain the quasi-steady state, in which the
disturbance due to the initial effect is not significant. Since we established T = 5.0 s with
t = 20.0 s in the previous work [30], the same combination will be used for NFTs in the
next section. Then, by applying this time-averaging operation to the height and pressure,
we introduce the following indices to evaluate the macroscopic attenuation effect:

Depth reduction rate:
�h
hin

× 100 = hout − hin
hin

× 100 [%], (16)

Pressure loss: �P = Pout − Pin,
⎛

⎜⎝
Pout = 1

|∂ΩII|
∫
∂ΩII

P dΩ

Pin = 1
|∂ΩI|

∫
∂ΩI

P dΩ

⎞

⎟⎠ , (17)

where ∂ΩI and ∂ΩII are the surface domains, Surface-I and Surface-II, indicated in Fig. 2e,
respectively. Here, | • | means the integrated value of •, so that Pin and Pout are the
spatiotemporal average of the pressure on Surface-I and Surface-II, and hin and hout are
the time-averaged heights on Surface-I and Surface-II, respectively. It should be noted
here that the regularized pressure loss in Eq. (17) is considered a key macroscopic factor
in our previous multiscale evaluation of coastal forests [30].

Results
By conducting NFTs with several inflow depths and velocities, we can determine how the
geometricmodeling for trees influences themacroscopic or, equivalently, “homogenized”,
flowcharacteristics.After the combination of inflowdepths and velocities to be considered
is presented, theNFT results are discussed from themacro- andmicroscopic perspectives.
More specifically, themacroscopic attenuation effect is evaluated using the indices defined
in the previous section, and then the microscopic mechanisms that make a difference in
macroscopic flow characteristics are clarified.

Numerical flow tests on arrayed cylinder/canopied-tree models

As a preliminary study, another series of NFTs have been performed on isolated canopied-
tree and cylinder models (shown in Fig. 2a, b) at various combinations of inflow depths
and velocities. The results are presented in Appendix A, from which it is found that
there is no significant difference between the two models when only the trunk part is
submerged. Therefore, the depth variations are limited to two cases: canopy submerged
and fully submerged. On the other hand, the inflow speed is limited to û1 = 0.30 ms−1

or 0.55 ms−1. If an actual tree is 10 times taller than the modeled trees (i.e., a natural tree
standingL = 10L = 2.2m tall with L = 0.22m), then the flow speed in a realistic situation
is approximately U = 0.95 ms−1 or 1.74 ms−1 according to Eq. (14). Thus, four cases
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Table 2 Numerical flow test conditions for arrayed cylinder and canopied-tree models: initial flow
speed û1 and depth ĥ

Case Inflow speed û1[ms−1] Inflow depth ĥ [m] Fr = û1/
√
gĥ

A-1 0.30 0.15 0.25

A-2 0.50 0.15 0.41

B-1 0.30 0.25 0.19

B-2 0.50 0.25 0.32

6.05.04.03.02.01.0 57.00.0
Velocity magnitude[m/s]

a

c

A-1

A-2

b

d

Fig. 3 Simulated free surface profiles at the final time step (top row: lower inflow speed with canopy submerged
depth (A-1: û1 = 0.300 [m s−1], ĥ = 0.15 [m]); bottom row: higher inflow speed with canopy submerged depth
(A-2: û1 = 0.55 [m s−1], ĥ = 0.15 [m])

with different inflow depths and velocities are considered for each of the canopied-tree
and cylinder models; that is, we carried out eight NFTs in total. The inflow conditions to
be considered in this section are summarized in Table 2. These conditions are regarded
as “subcritical flow” and considered reasonable, as they were also employed in previous
studies that examined the flow through vegetation; see, for example [16,44].
The simulated free surface profiles for two selected cases (A-1 and A-2) are provided in

Fig. 3. These results show that the flow velocity is more attenuated in the cases with the
canopied-treemodel than in those with the cylindermodel. Additionally, compared to the
preliminary results from the isolated model in Appendix A, the arrayed setting appears to
have greater velocity attenuation due to the crowd effect. Furthermore, the results with
the cylinder model show a marked difference between fast and slow speeds; see Fig. 3a,
c. However, in the results of the canopied-tree model, this tendency is not observed, and
the complex geometry of the canopy and the adjacency of the trees seem to cause the low
flow speed; see Fig. 3b, d. Additionally, a relatively intense disturbance is observed in the
case of the canopied-tree model, as shown in Fig. 3d. Naturally, the deeper the depth is
and the higher the inflow speed is, the more severe the disturbance.
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Fig. 4 Results of the macroscopic flow attenuation. a, b Depth reduction rate versus inflow depth (top row); c, d
pressure loss values versus inflow depth (bottom row)

Macroscopic flow attenuation

Using the indices introduced in “Conversion of speed by Froude number”, we discuss the
flow attenuation properties from a macroscopic perspective.
Let us first focus on the depth reduction rate, defined as Eq. (16). Figure 4a, b show the

dependency of the depth reduction rate on the inflow depth h. Notably, both hout and hin
used in Eq. (16) are spatiotemporally averaged values evaluated on Surfaces-I and II that
are indicated in Fig. 2e. As seen from these figures, the cases with fully submerged depths
(B-1 and B-2) for the canopied-tree model are superior to those for the cylinder model
in terms of depth attenuation performance. Indeed, the depth reduction in the cases of
the canopied-tree models is 2.3–3.3 larger than that of the cylinder models. On the other
hand, for the cases (A-1 and A-2) in which the canopy is partially submerged, the depth
reduction rates are almost identical regardless of the difference in tree geometry.
The pressure losses calculated using Eq. (17) are shown in Fig. 4c, d and exhibit almost

the same tendency as the depth reduction rates. That is, it is confirmed that the pressure
losses in cases (B-1, B-2) with the canopied-tree model become larger than those of the
cases for the cylinder model as the inflow depth is increased.When the canopy is partially
submerged, a small inflow speed causes the two tree models to have almost the same
pressure loss. Nevertheless, as seen from Fig. 4c, a higher inflow speed causes a difference
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Fig. 5 Dynamic pressure distributions in canopy submerged depth inflow situations (A-1: û1=0.300 m s−1, ĥ =
0.15 m; A-2: û1=0.55 m s−1, ĥ = 0.15): a, b distributions on the x − z surface at y = 0.0 and (c, d) vertical
distributions behind the arrays, where the green line shows its top location (on Surface-II)

of approximately 40 [Pa] between the cases with the canopied-tree and cylinder models,
even though the inflow depths are the same.
In summary, when using the canopied-tree model, the results of the cases in which the

canopy is fully submerged exhibit approximately 3.4−6.6 times more severe macroscopic
attenuation than the cases in which the canopy is partially submerged. This difference
clearly occurs because the flow over the model is drastically attenuated because of the
complex geometry of branches in the canopied-tree model. According to Nepf et al.
[40], the effect is regarded as an additional bed roughness developed within the so-called
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Fig. 6 Comparison with the hydraulic experiment performed by Hayashi et al. [39] with the plastic wire tree
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experiments by [39]. c The depth distribution in the streamwise directions, where the �h/hin in Eq. (16) is 41.4%
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compares the dynamic pressure distributions on the x − z surface at y = 0.0

“roughness sublayer” that is formed above the canopy group. This is rephrased as a fric-
tional effect of the group of canopied-trees on the macroscopic flow property.

Microscopic mechanism for macroscopic flow attenuation

To clarify the microscopic mechanism for the macroscopic flow attenuation effect dis-
cussed above, the flow within the LTD is investigated in more detail. As a measure to
characterize the flow aspects at the microscopic level, we introduce the dynamic pressure
as

Dynamic pressure = 1
2
ρf u · u, (18)
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Fig. 7 Volume fraction Vmodel/Vall of the array of both circular cylinder and the canopied-tree models depending
on the submerged depth h

where u is the microscopic flow velocity obtained by NFTs. Figure 5a, b visualize the
dynamic pressure distributions within the LTD. As seen from these figures, both the
canopied-tree and cylinder models located upstream exhibit a large loss in dynamic pres-
sure across the entire trunk, implying that the kinetic energy is severely dissipated. Addi-
tionally, these attenuation effects around the lower part of the trunk (ĥ < 0.10) tend to
be weaker on the downstream side in both cases. In addition, the dynamic pressure is
significantly reduced around the canopy of each canopied-tree model compared to that in
the cylindermodel. This is also verified from Fig. 9c, d in Appendix A, which show the dis-
tributions of the averaged dynamic pressure on Surface-ii when using the isolated model.
Notably, as shown in Fig. 5a, b, this tendency is observed in all regions from upstream to
downstream and is more noticeable in the cases with a higher flow speed. Additionally,
the shear layers observed around the boundary between the stem and canopy are formed
in the canopy tree models, while they are not in the cylinder models.
It is thus safe to conclude that the canopied-tree model with a detailed geometry of

branches has a higher performance in reducing the dynamic pressure at the microscopic
level than the circular cylindermodel, and its attenuation effect ismaintained in all regions
from upstream to downstream. This effect must have been reflected in the depth reduc-
tion and pressure loss rates evaluated in the previous subsection, which characterize the
macroscopic attenuation effect of the group of canopied-tree models.
It is worth mentioning that the absence of any turbulence models in our NFTs possibly

leades to the underestimation of dynamic pressure losses. Though we have confirmed the
validity of our NFTs by comparing them with the empirical drag force formulations, the
attenuation due to the tree array, the so-called group effects, could possibly cause more
intense dissipation due to the multiple wakes. Thus, the tree canopy possibly causes a
greater pressure drop than that shown in Fig. 5a, b, since the turbulence around them is
supposed to create energy dissipation. Therefore, the difference between the two models
observed here cannot be overstated. This is because it affects themacroscopic attenuation,
which is the final assessment that results from the microscopic observations.
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Comparison with an actual hydraulic experiment

To justify the discussions above, the macroscopic attenuation behavior evaluated by the
multiscale evaluation method is compared with that of the actual hydraulic experiment
conducted by Hayashi et al. [39]. Figure 6a shows a miniature tree used in this laboratory
experiment, which imitates a wild black pine tree and is made of plastic deformable wires.
Tomimic a coastal forest, ninety-sevenminiature treeswith almost the same geometry are
arranged in a staggeredmanner in thewater channel, whose upper view is shown in Fig. 6b.
Meanwhile, our canopied-tree model, which is rigid (undeformable), was developed by
reference to thisminiature tree; indeed, the height and diameter of the trunk (or stem) and
the length of the canopy mounted on the trunk are identical to each other. Additionally,
the domain surrounded by the red-colored solid line shown in Fig. 6b corresponds to the
LTD in our NFTs. Thus, we can discuss how the geometry modeling for NFTs affects the
macroscopic flow characteristics in comparison with the experimental results.
We consider one of the test cases in the actual experiment, for which the flow condition

is the same as in case B-2 in Table 2. Case B-2 has the most severe difference in macro-
scopic flow attenuation appeared between the cases with the canopied-tree and cylinder
models in our NFTs, as shown in Fig. 4. Figure 6c shows the surface profiles obtained from
the NFTs and experiment. Here, the solid and dashed lines are the results obtained by
the canopied-tree and cylinder models, respectively, while the dotted line corresponds to
the experimental ones. In order to discuss whether the cylinder model can be an alter-
native to the realistic trees as shown in Fig. 6a, the comparisons are provided for both
the canopied-tree model vs. the experiment (plastic wire tree) and the cylinder model vs.
the experiment (plastic wire tree). As seen from this figure, the simulated surface profiles
with the canopied-tree model are closer to the experimental profiles than those of the
cylinder model. From Eq. (16), the depth reduction rate in the laboratory experiment is
calculated as 41.4%, which is approximately 1.5 times larger than that of the NFTs with
the canopied-treemodel (�h/hin = 26.8%). Since the canopied-treemodel is strictly rigid
and its canopy part is quite different in geometry from that of the miniature tree, this
level of discrepancy would be reasonable. On the other hand, the depth reduction rates
(�h/hin = 7.9%) for the case with the cylinder model are 5.2 times smaller than those of
the experiment, which might not be negligible.
Figure 6d compares the velocity profiles in the vertical direction, which are spatiotem-

porally averaged values evaluated using Eq. (15) on Surface-II. The solid line in Fig. 6d
showing the result with the canopied-tree model reproduces the disturbance of the flow
around the canopy well. The red-colored band in this figure, which indicates the standard
deviation of the time-averaged flow speed (solid line) on Surface-II, coversmost of the flow
speed profiles obtained in the laboratory experiment (dotted plots). However, the velocity
profile obtained by the cylinder model, whose standard deviation is indicated with the
blue-colored band, does not capture the characteristic feature of the experimental profile.
It is also confirmed fromFig. 6c, d that theNFTresults using the canopied-treemodel are

satisfactory in terms of multiscale modeling of flow through coastal forest-like obstacles
with complex geometry. Even though the NFTs were conducted in a part of the actual
channel using the periodic boundary condition in the direction orthogonal to the overall
flow, we could obtain surface and velocity profiles using the canopied-tree model that
are comparable with those in the laboratory experiment. Notably, the flow speed behind
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the canopy (0.1 ≤ z ≤ 0.22) is largely decreased compared to that behind the cylinder.
Such tendencies are more obviously confirmed from the streamwise distribution of the
pressure loss provided in Fig. 6e, f.
Nevertheless, as seen from the comparison with the experimental results, the NFT

using the canopied-treemodel underestimates the depth reduction rate. This discrepancy
occurs because the flexibility, which would have serious influences on their resistance
effect as reported by Manickathan et al. [45], is not considered in this study. The fact that
the shape representation of canopies in the canopied-tree model is still coarse has also
an impact. Furthermore, adding the turbulence model to our NFTs could contribute to
improving the similarity with the hydraulic experiments. However, the accuracy of the
present NFT method is acceptable enough to discuss the need for modeling a complex
canopy geometry.

Discussion
Effect of detailed geometry onmacroscopic flow characteristics

As discussed in the previous section, detailed tree modeling is worth performing for
multiscale evaluation, especially in high inflow-speed and fully submerged depth situa-
tions. This insight was further confirmed by comparing the NFT results with those of the
hydraulic experiment available in the literature [39].
For the case in which the canopy is fully submerged (B-2), the depth reductions in the

NFT results with the canopied-tree and cylinder models differ by 0.048 [m], as shown in
Fig. 4b (�h = −0.068 m for the canopied-tree model; �h = −0.020 m for the cylinder
model). This means that the depth reduction performance would be underestimated by
approximately 0.5 m at the real scale if we were to use the cylindermodel with an identical
height on the assumption that the real scale is ten times larger than the setup in the
NFTs (λ · 0.048 m with λ = 10). This difference must become larger if the trees have
flexible bodies, as we confirmed in “Comparison with an actual hydraulic experiment”. In
fact, there is a 0.08 m difference in depth reduction between the laboratory experiment
(�h = −0.10m) and theNFTwith the cylindermodel (�h = −0.02m). This corresponds
to an error of at most a 0.8 m depth reduction at the real scale. Such differences could be
minimized if the experiment employed a rigid miniature tree similar to the canopied-tree
model used for the NFTs. Since the differences with the flexible trees is only 0.032 m
(�h = −0.068 m in NFT on the canopied-tree model; �h = −0.10 m in experiments),
the discrepancy can be diminished to 0.32 m. Additionally, as seen from Fig. 4d, the result
of case B-2 recorded the largest pressure loss of 0.23 kPa among all the NFT results, which
corresponds to an underestimation of 2.3 kPa at the real scale.
To explain why the canopied-tree and cylinder models provided quite different results,

especially in the fully submerged depth cases, let us use the following volume fraction of
trees as a quantitative indicator:

Volume fraction = Vmodel(h)
Vall(h)

, (19)

where Vmodel is the volume of the submerged portion of a tree model and Vall is the total
volume excluding the air domain. Note here that Vmodel and Vall are functions of the
vertical position, h, as

Vall(h) = |δY ∗
s ∪ δYf|, Vmodel(h) = |δY ∗

s |, (20)
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where δYf ⊂ Yf and δY ∗
s ⊂ Ys are the partial domains of fluid and trees inside the patched

area of the staggered arrangement of trees in Fig. 2e (an equilateral triangle having edges
of 0.1 m).
Accordingly, the volume fractions of the canopied-tree and cylinder models are calcu-

lated as shown in Fig. 7. The volume fractions differ greatly in the fully submerged depth
cases (B-1 and B-2); in particular, the volume fraction of the canopied-tree model is much
larger than that of the cylinder model. It is safe to deduce that this difference is reflected
in the difference in depth reduction and pressure loss. On the other hand, as seen from
this figure, the volume fractions of the two models are identical for the cases in which the
canopy is partially submerged (Cases A-1 and A-2), although their upper geometries do
not look similar. This is the reason why comparable depth reduction rates were obtained
for these cases, as seen from Fig. 4.
The insight gained above further convinces us of the need for the 3D modeling of

detailed tree geometry while raising an alarm for the use of conventional 2D modeling,
such as the projection area, which is an index often used in the drag force modeling
in conjunction with the drag coefficients. In fact, in the preliminary studies carried out
with the isolated canopied-tree model, we found that the discrepancy arises in the drag
force evaluations if we take the detailed geometry into account by just the 2D projected
area. Considering that correspondences are observed with the cylindrical models based
on empirical drag coefficients, the validity of our assertion is reasonable. Thus, whether
the detailed geometry must be modeled should be evaluated based on 3D information,
such as the ratio of the submerged volume. For further support of this argument, please
refer Fig. 10 in Appendix A.

Flow situations requiring detailed geometry in multiscale evaluations

Basedon thefindings of this study,we further explore theflow situations requiring detailed
geometric modeling for trees in the multiscale evaluation of coastal forests in a more
general context.
First, we observed that the effect of the geometry of the canopied-tree model on the

macroscopic attenuation property is much greater than that of the cylinder model when a
large part of the canopy geometry is submergedwith a relatively high flow speed. Although
we have imposed “subcritical flow” conditions for our NFTs in the LTD, flow states in
reality possibly become critical/supercritical flow states (Fr ≥ 1.0) [46], for which the
impact of the difference in geometry on the macroscopic flow characteristics evaluated
by the multiscale evaluation method would become greater.
Second, our simulation results reveal a macroscopically comparable attenuation effect

between the cases with the canopied-tree and cylinder models when they are not fully
submerged. However, even in such a case, we do not wish to actively encourage the use of
the cylinder model in the modeling of a coastal forest. In this submerged level, the geome-
tries of the submerged portion of both models are seemingly different, but their volume
fractions are comparable, as we demonstrated in Fig. 7. Therefore, we cannot apply binary
criteria such as “detailed geometries should bemodeled if they are submerged” or “detailed
geometries are not required if they are not submerged”. To clarify the criteria when the
twomodels significantly diverge, further research is warranted with 3D information about
the detailed geometries and is left to future work.
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Third, the above-gained insight suggests that specific tree species might always require
detailed modeling of their complicated geometries. For instance, some species of man-
grove trees (e.g.,Rhizophora studiedby Jaisankar [47]) have a complex root system,namely,
the so-called prop root system. In fact, Zhang et al. [48] reported that the complex sec-
ondary flow and blockage effects were caused by the complex prop root system of man-
groves. Of course, a simple comparison between the effect of branches in our canopied-
tree model and the root systemmight not be appropriate, as the vertical positions of their
complex geometries differ. Nevertheless, such a difference in the vertical location of the
complex geometry does not exclude our suggestion because they are similar in terms of
geometrical complexity. Additionally, the consideration of a tree’s detailed geometries
would be mandatory for multiscale evaluation if the crown-like morphology occupies
most of the submerged volume of a tree, such as shrubs or bushes.
Moreover, as mentioned at the beginning of “Numerical flow tests on arrayed cylin-

der/canopied-tree models” with reference to Appendix A, simple cylinder models are
sufficient if the flow depth is expected to be below the canopy height. This situation is
applicable when the tree species are tall, for example, black pine trees, in which the canopy
zone is located very high above ground level once they are sufficientlymature. This insight
is consistent with the simulation done by Ohira et al. [49], who argued that a high canopy
had a low contribution to the macroscopic attenuation effect.

Conclusion
In this paper, we have investigated the influence of detailed geometric modeling of trees
on their macroscopic attenuation effect against tsunami-like flow by applying the multi-
scale evaluation method previously developed by the authors [30]. The main component
of the multiscale evaluation method is numerical flow tests (NFTs), which are realized by
carrying out 3D flow simulations in a local test domain (LTD). The LTD was assumed
to be the representative elementary volume (REV) to characterize the macroscopic flow
behavior, in which the canopied-tree and cylinder models were arranged in a staggered
manner. After the corresponding governing equations with analysis conditions were pre-
sented, we introduced two indices, depth reduction rate and pressure loss, for evaluating
the macroscopic flow characteristics relevant to the multiscale evaluation. Then, a series
of NFTs were conducted under various inflow conditions with different inflow velocities
and depths to evaluate the macroscopic attenuation property represented by the indices
and discuss the effect of canopies on the tree model.
From the results of NFTs, we discussed the flow situations requiring the detailed tree

geometry in a general context and reported the following findings:

• The flow situation where the depth exceeds the canopy height or, equivalently, where
the detailed geometry of trees occupies a large portion of the submerged depth,
requires a detailed geometry for multiscale evaluation.

• Nonbinary criteria should be employed whether the modeling of the detailed geom-
etry is encouraged or not.

• Specific tree species, such as mangroves, always necessitate information about their
detailed geometries, and vice versa.
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The above insights suggest the answer to the question we posed in the Introduction in
view of the conventional ambiguous standards; that is, in what situation do we need to
model coastal forest by an array of trees with complex tree geometries instead of simple
vertical cylinders, or vice versa?The findings are seemingly intuitive and trivial but directly
linked to the key to the solution. Therefore, it is doubtless that the results of this study
will help disseminate natural trees as Eco-DRR measures in the future by improving the
method of multiscale evaluation to reliably assess their performance.
Further investigation into the geometric effect on the macroscopic flow characteristics

would fortify the suggestion in this study. In particular, our argument that information
about 3D volume occupancy for vegetation is needed in addition to 2D information must
be scrutinized by NFTs with various canopied-tree models with more complex geometry.
With this information, the criteria for the geometric informationwould be established as a
function of the submerged depth, inflow speed, 3D volume occupancy rate and other con-
ventional parameters. Once these parameters have been realized, the established criteria
could be applied in theNFTs to reasonably evaluate themacroscopic attenuation property
that can be used in the practical 2D simulations. For that purpose, we must pursue more
realistic 3D tree shape generations, more advanced fluid–structure interaction schemes,
and turbulence models for NFTs with a tree model with flexible branches. In addition to
the insights into the geometric effects of the trees, discussions on the LTD, in terms of the
scale, the streamwise length, domain shape (e.g., cubic domain), or the periodic boundary
conditions, are also effective to make the framework more accessible.

Appendix A: Preliminary study with isolated canopied-tree and cylinder
models
To effectively carry out the NFTs on the arrayed model with limited cases, we need to
roughly grasp the effect of the detailed geometry of the canopy on the flow character-
istics. For that purpose, we conduct a preliminary study by conducting numerical flow
simulations with the isolated canopied-tree and cylinder models.

A.1 Model setup and conditions for numerical flow tests

Figure 8a, b show the isolated single canopied-tree and cylinder model equipped in the
LTD. Each model is located at (x, y) = (0.52, 0.0) [m] in an LTD that has the same size
as in “Numerical flow tests for identifying flow conditions requiring detailed geometric
modeling”. As test surfaces, Surface-i and Surface-ii are placed in front of and behind the
model in the LTDwith a width of�w (= 0.20) [m], as shown in Fig. 8c. It should be noted
that the LTD of this setting is not eligible for an REV, as it does not contain a sufficient
number of vertical structures (either canopied-tree or cylinder models).
The equations governing the flowmotion for NFTs are identical to those in “Governing

equations for NFTs in the LTD”. In addition, the boundary and initial conditions are the
same as before, except for the following slip-type boundary conditions imposed on both
sidewalls:

uy
∣∣
∂Y−2

= uy
∣∣
∂Y+2

= 0, (21)

along with the traction-free conditions in the x and z-directions. The information about
the 3D flow simulations for NFTs is summarized in Table 3.
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Table3 Information about 3D flow simulations in preliminary study

Model type Tree Cylinder

Nodes 175,411 122,867

Elements 896,039 625,471

Element size : πd 1:40

Time step �t 0.001 [s]

Data sampling 100 [Hz] (Per 0.01 [s])

Density ρ 998 [kg/m3]

Viscosity μ 1.01e−3 [Pas]

Table 4 Numerical flow test conditions for an isolated cylinder model and a canopied-tree model:
initial flow speed û1 and depth ĥ

Case Inflow speed û1 (m s−1) Inflow depth ĥ (m) Fr = û1/
√
gĥ

a-1 0.30 0.05 0.43

a-2 0.55 0.05 0.79

b-1 0.30 0.10 0.30

b-2 0.55 0.10 0.56

c-1 0.30 0.15 0.25

c-2 0.55 0.15 0.45

d-1 0.30 0.25 0.19

d-2 0.55 0.25 0.35
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Considering the difference in the geometries of the models, we establish several inflow
depth conditions: a trunk submerged depth (ĥ ≤ 0.10), a canopy submerged depth (0.10
< ĥ ≤ 0.22), and a fully submerged depth (0.22< ĥ). Additionally, the inflow speed is also
controlled at û1 = 0.300 [m s−1] and 0.55 [m s−1]. These flow conditions employed in this
appendix are summarized in Table 4. Here, the Froude numbers (Fr) have been calculated
with the inflow depth ĥ as the representative length L. Fr < 1 is recognized for all cases.

A.2 Flow characteristics evaluated from a local perspective

We characterize the flow through the isolated model from a local perspective. Figure 9
shows the distributions of the dynamic pressure (defined by Eq. (18)) for cases d-1 and d-2
at the final step (t=20.0 [s]). As seen from these figures, the wake behind the canopied-tree
model is more intense than that of the cylinder model; i.e., both the width and the length
of the wake are much broader and more prolonged in the downstream direction. This
tendency is more noticeable for the cases with higher speed, as seen in Fig. 9b. To further
investigate the flow characteristics at the local level, the distributions of the dynamic
pressure behind each mode along the vertical line on Surface-ii ((x, y) = (0.59, 0.0)) are
provided in Fig. 9c, d. It can be confirmed from the figure that the pressure loss behind the
canopied-tree model is much greater than that behind the circular cylinder model. Such
a flow attenuation effect is further strengthened when many vertical obstacles are placed,
as in the REV in this study, which follows the previous study [30]—this is the so-called
group effect.

A.3 Flow characteristics evaluated from a global perspective

A.3.1Measure of fluid force

To evaluate the fluid forces from a global perspective, we introduce two measures. One is
the exerted force on the model defined as

f =
∫

∂Y ∗
s

t · n dΩ where t = σf · n [Pa], (22)

which can be calculated by taking the sum of the nodal forces, namely, the net force. The
other is the conventional or empirical definition of drag force using both the spatiotempo-
ral averaged flow velocity and depth (mean fluid depth hereafter),U andH , and is written
as

Drag force = 1
2
ρCDA(H )U2 [N], (23)

where σf is the stress tensor and n is an outward unit vector normal to the surface ∂Y ∗
s .

Here,CD is the drag coefficient, andA(H ) is the total frontal area of themodel on the y−z
plane. Additionally, U and H are defined as

U = 1
|Ωi|

∫

Ωi

ux(x̂, y, z) dΩ , and H = 1
|Γi|

∫

Γi

h(x̂, y) dy, (24)

where ux(x̂, y, z) and h(x̂, y) are the x-component of flow velocity and flow depth obtained
on Surface-i (placed at x̂ = 0.45 [m]) as solutions of the 3D flow simulation. Additionally,
Ωi and |Ωi| are the partial domain of Surface-i submerged in the fluid and its area,
respectively, both of which vary with the mean flow depth H . Additionally, Γi and |Γi| =
�w are the fluid surface domain of Ωi and its length, respectively.
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Fig. 9 Dynamic pressure distributions in fully submerged depth inflow situations (d-1: û1 = 0.300 [m s−1],
ĥ = 0.25 [m], d-2: û1 = 0.55 [m s−1], ĥ = 0.25 [m]): a, b Distributions on the x − z surface at y = 0.0. c, d Vertical
distributions behind the arrays on Surface-II

The drag coefficient CD can be estimated in relation to the Reynolds number Re, which
is identified in this setting as

Re = ρUd′

μ
, where d′ = A(H )

H
. (25)

According to this definition, the Reynolds numbers corresponding to the flow speeds pro-
vided in Table 4 range from 2990 to 4825. Then, using the diagram provided inWeisstein
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Table5 Time-averaged values of force f as a solution of the NFTs

Case Mean force f̄ [N]

No. Tree Cylinder

a-1 0.02 0.02

a-2 0.05 0.05

b-1 0.04 0.05

b-2 0.11 0.11

c-1 0.08 0.05

c-2 0.26 0.17

d-1 0.17 0.07

d-2 0.54 0.25

ba

C
ylinder

Fig. 10 Relationship between the numerically measured net force f̄ and conventional drag force, a
Canopied-tree model; b Cylinder model

[50], the average value of the drag coefficient is approximately CD = 0.88 for both the
canopied-tree and cylinder models. Additionally, the dependencies of A(H ) on the mean
flow depth H are illustrated for both models in Fig. 8d, e.

A.3.2. Difference in flow characteristics

The forces evaluated by (22) are averaged in time using Eq. (15) (t = 15.0, T = 5.0)
and summarized in Table 5. As seen from these values, an apparent difference between
the canopied-tree and cylinder models is recognized when the canopy is submerged. The
forces calculated for the canopied-tree model with submerged or fully submerged depths
(c-1/c-2 or d-1/d-2, respectively) are approximately two times higher than those for the
cylinder model. On the other hand, in the cases where a trunk is submerged, the values
obtained for both models are almost identical.
Figure 10 shows the relationships between thenet force exerted on themodels calculated

using Eq. (22) and the drag force calculated using (23) every 0.1 sec during the time
interval t = [15.0, 20.0]. Here, the color of the markers indicates the mean flow depth H
in Eq. (24)2. As seen from Fig. 10b, the force acting on the cylinder model coincides with
the conventional force measure for all the depth cases. A similar tendency can be seen
from the results obtained for the canopied-tree model in Fig. 10a. However, the green
markers, which correspond to the cases in which the models are fully submerged, deviate
from the line indicating that both values are the same, implying that the conventional
measure is erroneous for the canopied-tree model.
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A.4 Summary of the preliminary study

The results of the preliminary study are summarized as follows:

• There is no significant difference between the two models when only the trunk is
submerged.

• The difference in flow attenuation between the two models becomes larger if a larger
portion of the canopy is submerged.

• If a large portion of the canopy is submerged, the difference in flow attenuation
between the two models becomes larger, and the conventional drag force calculation
can give erroneous results.

• The fully submerged situation calls for the careful consideration of not only con-
ventional information, such as the 2D projected area A(H ), but also other factors
representing the information about the 3D detailed geometry.

Abbreviations
LTD Local test domain
REV Representative elementary volume
FEM Finite element method
NFT(s) Numerical flow test(s)
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