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Abstract. In this paper, the damping effects of vegetation are investigated in shallow water model. Wave
dissipation due to the inertia and drag force induced by vegetation is implemented based on Morison’s formulation.
The dissipation term is added in momentum equation. The non-linear model is then solved numerically using
momentum conservative scheme on staggered grid domain. To validate the numerical scheme, simulations of
solitary wave propagation without vegetation are conducted and compared to the exact solution and laboratory
experiment. Besides, several simulations of solitary wave with vegetation on sloping beach are also conducted
with varying plant stem density. The numerical results reveal that vegetation significantly reduces the velocity
of wave propagation. Additionally, an increase in vegetation stem density correlates with a decrease in solitary

wave run-up.
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1 Introduction

Coastal areas globally are increasingly threatened by wave-induced hazards, emphasizing the
need for precise modeling and prediction of wave behavior. Solitary wave run-up is particularly
challenging due to its potential to cause coastal flooding and erosion. Understanding the dy-
namics of solitary wave run-up and its interaction with coastal vegetation is crucial for effective
coastal management and hazard mitigation strategies. Coastal vegetation such as mangroves
and salt marshes, as well as belts of sea grass and seaweed has been considered as a natural
barrier for coastal zone protection. In recent years, numerical simulations have become powerful
tools in studying wave-vegetation interactions and assessing their impact on coastal dynamics
(Yin et al.; 2023; |Zhang et al., [2022; van Veelen et al., 2020; |Lou et al., [2018]).

The damping of water waves typically arises from energy dissipation due to the work ex-
erted on plants. Various numerical and analytical models have been developed to relate the
interactions between waves and vegetative plants, aiming to explain the damping effects of veg-
etation. In many studies focusing on wave-vegetation interactions, solitary waves are commonly
employed to represent extreme phenomena like tsunami. [Huang et al.| (2011) examined the drag
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coefficient of vegetation in response to solitary wave interaction, exploring various arrangements
and widths of vegetation belts. [Tang et al. (2013) conducted numerical investigations into soli-
tary wave damping induced by vegetation. Subsequently, they extended the research to include
the interaction of solitary wave and vegetation on sloping beach (Tang et al|(2015)) and studied
the run-up of long-period waves with rigid vegetation (Tang et al., |2017). Tognin et al.| (2019)
highlighted the significance of vegetation density, velocity profile variations, and flow visualiza-
tions in understanding the passage of solitary waves over vegetation belts. Divya et al.| (2020)
conducted a numerical investigation, treating vegetation patches as varying porous layers within
a particle-based method. Similarly, |Zhao et al.| (2020 numerically examined the reduction in
wave run-up provided by vegetation, exploring various configurations of vegetation patches for
solitary waves. Zhang and Nepf (2021) studied the existence of current impacted wave dissi-
pation in a meadow of flexible marsh plants. They developed a wave-damping model from a
prediction of current- and wave-induced force on individual plants. Furthermore, wave damping
due to flexible vegetation has been investigated by Ding et al. (2022). They simulated wave
attenuation and mean water level changes through flexible vegetations such as smooth cordgrass
in coastal and marine wetlands numerically. The analytical solutions of wave attenuation by
flexible vegetations was investigated by Zhu et al.| (2022) .

This paper focuses on investigating wave damping induced by vegetation on solitary wave
run-up through numerical simulations. We implemented a momentum conservative scheme on
shallow water equations. The numerical scheme was proposed by |Stelling & Zijlema| (2003).
Several standardized numerical tests have demonstrated the robustness and the accuracy of the
scheme (Stelling & Duinmeijer, 2003; Nguyen, 2013; |Herbin et al., 2014; |Zheng et al., |[2023; |Aliev
et al.,|2012). In addition, the staggered grid scheme is simple and easy for many applications such
as shallow water viscous water equations. The dissipation effect induced by the presence of the
vegetation is modeled by incorporating Morison’s formula (Morison et al.l [1950) in momentum
equation. The accuracy of the numerical model is validated against a laboratory experiment
on solitary wave propagation conducted by Synolakis (1987). First, the model is tested for
solitary wave run-up without vegetation to asses the accuracy of the scheme. Later, series of
simulations of solitary wave run-up with vegetation on sloping beach is conducted to investigate
the sensitivity of the wave to stem density.

This paper is organized as follows. Section 2 presents the wave model of shallow water
equations and the numerical scheme. In Section 3, we discuss the numerical simulation results
of solitary wave run-up. Finally, the conclusion is presented in Section 4.

2 Wave Model and Numerical Scheme

In this section, we delve into the governing equations, i.e. the shallow water equations (SWE),
which are derived from Euler equations. Consider a layer of inviscid fluid with zero thermal
conductivity, with a free surface z = n(xz,t) and topography z = —d(x). The shallow water
model are expressed as follows.

ht + (hu)z =0 (1)

1 1
Ut + Uty + gng + ;Tf + ;Tv =0. (2)

The first equation is conservation of mass (continuity), whereas the subsequent one is balance
of momentum. The variables in these equations are illustrated in Figure I} Here u(z,t) denotes
the fluid particle velocity in horizontal direction, g is the gravitational acceleration, and the total
water thickness is denoted by h(x,t) = n(z,t) +d(z). In shallow water equations, the horizontal
domain is assumed to be much longer than the vertical domain. The horizontal velocity is
calculated in terms of its depth averaged. In momentum equation, we take into account the
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Figure 1: Position of variables in shallow water model

dissipation terms. The friction force due to the bottom roughness is denoted by 7, and the
damping due to vegetation is denoted by 7, where p is the water density.

Attenuation due to vegetation consists of drag and inertia forces using the Morison’s formu-
lation (1950) as

1
Ty = §pcdbvhUNvu\u] + ¢in(hu)y, (3)

where ¢4 and ¢;;, are drag and inertia coefficients defined as (Harada & Imamura (2005))

cg=0.10+0.8ry, (0.01 <ry <0.07) (4)
Cin = CmbodyhyNy,  (cm = 0.15) (5)

and b, is width of a stem normal to wave, h, is stem height, N, is density of stem (number of
stem per unit area), d, is stem diameter, ry is ratio of vegetation volume under water to water
volume.

Equation — are solved numerically using momentum conservative scheme in staggered
grid domain (Stelling & Zijlemal (2003)). In this method, the horizontal domain x € [0, L] is
discretized by

Ozx%, T1, T3, T2, ey TN Ty 1 =1L (6)

®
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X

X

Xnerip = L

e

X, =0

Figure 2: Unknowns calculated in staggered grid domain

Position of variables in staggered grid is illustrated in Figure The horizontal velocity u
is calculated at half point x; 1 and time " denoted as uf 1, while water height h and wave
L 1

2
elevation 7 are calculated at full point x; and time ¢" respectively denoted as h}' and 7}, for
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it = 1...N + 1. Therefore, the discrete equations of shallow water model can be written as follows

At e S S o e o S .
At + Az - (7)
u”+11 —u” 1 n n
it3  it3 n Mit1 — M 1 L n _
e (wu)]y ) g (M) o ;(rv)i+% — 0. (8)

In equation , the notation *h is an approximation of water height at half points, using
upwind method that follows the water flow direction, which is defined by

hY if U?H% >0
*h;z+% = hPy if uzr% <0 (9)
max(n;', nf ;) +min(d;, diy1) if u? = 0.
2

The momentum equation is calculated when the cell [x;_1, z;] is wet, with condition h;—1 > 0
and h; > 0. Here, the advection term are approximated using momentum conservative scheme
which is derived in Stelling & Busnelli (2001)), as follows

_ 1 qiu; — qiuy_y G — qi—1
(uux)l,% — 711_1 < Ax - ui*% Ax (10)
2
where
- 1
h’i*% - 5 (hl_]_ + hz) (11)
B 1
qi = ) qi—i—% - qi_%) (12)
qu% = *hif%aif% (13)
U, ifg >0
R P (19
Uiy L ifg; <0

3 Numerical Results and Discussion

In this section, we evaluate the performance of the numerical scheme implemented in shallow
water model incorporating vegetation. Numerical simulations are conducted to demonstrate
propagation of solitary waves. Additionally, we aim to investigate the wave attenuation resulting
from vegetation.

3.1 Solitary Wave Run-up without Vegetation on Sloping Beach

The simulation of solitary wave run-up without vegetation aims to validate the accuracy of the
numerical scheme. Consider the following solitary wave at time ¢ = 0 and a peak at z = X1,

n(x,0) = Hsech?v(xz — X1) (15)

where v = y/3H/4 and H is the normalized wave height. The simulation was conducted based on
the laboratory experiment by Synolakis| (1987). The topography is a plane beach with 1:19.85
slope. We simulated a non-breaking wave case with wave height H = 0.0185. The computational
parameters we took were Ax = 0.2 and At = 0.01 as discretization in horizontal grid and in
time, respectively. Results of the numerical simulation compared to the experimental data are
presented in Figure [3} it shows the wave profiles are at four dimensionless time, (a) ¢t = 40,
(b) t = 50, (c) t = 60, and (d) t = 70. The simulated results align well with the laboratory
data, indicating that the numerical model effectively predicts the run-up of non-breaking solitary
waves on the beach.
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Figure 3: Solitary wave run-up from experiment (red) and numerical simulation (blue).

3.2 Solitary Wave Run-up with Vegetation on Sloping Beach

In this simulation, we demonstrate propagation of solitary wave on a sloping beach featuring
vegetation and bottom friction. We also aim to investigate the sensitivity of solitary wave run-up
to stem density by conducting comparisons among four cases with varying plant stem densities.
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Figure 4: Solitary wave run-up with vegetation damping
The simulation was carried out with initial solitary wave as in equation (15). The topography

is a plane beach with 1 : 19.85 slope, and plants are placed from the toe of the beach to the sloping
area with a length of 20. We employ identical computational parameters as those utilized in the
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previous test; H = 0.0185, Ax = 0.2 and At = 0.01. In simulations involving wave attenuation,
the bottom friction is set to 7y = 0.001, the vegetation parameters are h, = 1.2, d, = 0.025,
and N, = 0,100, 250, 500.

The numerical simulation results are presented in Figure 4| for subsequent dimensionless time,
(a) t =40, (b) t =50, (c) t =60, and (d) ¢t = 70 and four varying stem density. We can see from
the figure that in the case without vegetation (N, = 0), the solitary wave crest and run-up travel
faster and higher compared to those in cases with vegetation. Moreover, the solitary wave crest
and run-up in the case with N, = 500 travel at the slowest pace and reach the lowest height
among all cases. This indicates that solitary wave propagation through vegetation is slower than
in the absence of vegetation, with the propagation velocity decreasing as the plant stem density
increases. Additionally, it is observable that solitary wave run-up in vegetation is lower than
that without vegetation, and the run-up decreases as the plant stem density increases.

4 Conclusion

Numerical simulations have been conducted to investigate the damping effects of vegetation
on solitary water wave run-up. The model incorporated Morison’s equation to account for
vegetation-induced inertia and drag stresses within the nonlinear shallow water equations. The
model was solved numerically using momentum conservative scheme on a staggered grid. The
numerical scheme’s accuracy was confirmed through validation with experimental data before
being utilized to observe the sensitivity of solitary wave run-up to vegetation. The results indi-
cate that vegetation significantly reduces propagation velocity and run-up height, with solitary
wave run-up decreasing as stem density increases.
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