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Abstract

The Mekong deltaic coasts have suffered from erosion and mangrove losses due
to many relative threats in human activities, bringing to coastal instabilities. The
massive and large number of constructions, such as sea dikes, revetments, and sea
walls, tend to break the equilibrium in multiple locations along the coasts. As a result,
a significant reduction of mangroves comes along in qualitative and quantitative
variations, for example, the number of trees in one location and the healthy width of
mangroves. An observation from Google Imagine Engine in multiple sites along the
Mekong Deltal coasts shows an average width retreated from 2006 to 2016 was about
60 m. In this study, open-source models, SWAN and SWASH - Developed by Delft
University of Technology, are implemented to assess the effect of density and width on
wave transmission in Nhat Mat ward, Bac Lieu province, Vietnam. The present results
show a significant influence of density on wave transmission, while the larger width
of mangroves creates more damping space for waves. Moreover, wave reduction rates
(Kt = Ht/Hi, where Hi and Ht are the incoming and transmission wave heights) are
related to densities by the power fit. From these results, it is hypothesized that wave
height reduction can be predicted via the density of mangroves.
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1. Introduction Soc Trang and Bac Lieu provinces’ coast
has suffered from a massive retreat. A
14-year observation from the Google
Earth engine in Figure 1 shows that the
mangrove belts are retreated by 40 to 50
m annually. In Figure 1, mangrove edges
at the site of Nha Mat ward, Bac Lieu

province, in three different years, 2006

Mangroveforestsarevitaltoeconomic
development and maintaining the marine
ecosystem. Mangroves also bring an
equilibrium for the coast between erosion
and acceleration with their function. The
roots and trunks of mangroves are the

keys to wave and flow energy reduction,
increasing sedimentation and nutrients
for other animals. However, extensive
deforestation has been noticed along the
Mekong deltaic coast. In particular, the
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(white line), 2016 (green line), and 2020
(blue line), gradually moved landward.
The interpretation of mangrove loss
might be from the negative feedback of
gray-coastal protections [1].
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Figure 1: Mangrove belt observation in three different years: 2006, 2016, and 2020

Gray structures always bring safety
to coastal areas, especially for essential
development sites [1]. However, these
structures usually break the balance of
sediment transports, including nutrients
for mangroves, in which sediments
are flushed out at the upstream sites
and sunk at the downstream sites. The
construction cost for gray structures is
also significantly high, but the efficiency
is doubly presented. In the past decade,
mangroves along the coast of Bac Lieu
province, as seen in Figure 1, have been
reduced by the presence of sea dike and
revetment and climate change [2].

Mangrove forest, on the other hand,
is a living system that can adapt to the
water level change by retreating landward
but keeping its healthy width [3 - 5].
From a coastal engineering perspective,
mangroves are the natural defense for the
coast, trapping sediments and nutrients
[6 - 11]. Many studies about mangroves
in the last 10 years have been carried out,
giving the inside understanding of wave
and flow reduction and studies about
nature-based solutions to open a window
for coastal protection.

Phan et al, (2014) [12] studied

low- and high-frequency attenuation

waves inside the mangrove forest using a
numerical model, XBeach. The numerical
outputs claim a more significant reduction
for high-frequency waves than low-
frequency ones. This study only presents
an efficiency of the mangrove’s width
on waves without mentioning other
contribution parameters, such as the
bulk drag coefficients and densities.
Kalloe et al., (2022) [13] carried the
wave attenuation over vegetation area
in a full-scale wave flume in Deltares
Academy, the Netherlands. This study
points out that the effect of high-density
parts of a tree denser than lower tree
parts, such as branches, leaves, and body,
on wave attenuation is significantly high.
Additionally, the experimental results
show that one-third of waves tend to be
broken at the denser part than the lower
part that is usually submerged. Kalloe et
al., (2022) also conclude the bulk drag
coefficient of the vegetation values at 2
to 3 for the Keulegan - Carpenter number
(KC number) of 60 to 80.

Vu Duy Vinh et al., (2010) [14]
used the numerical model, Delft 3D -
Deltares Academy, to model the wave-
vegetation interaction and hydraulic
processes in different scenarios in
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Bang La, Dai Hop, Hai Phong, Vietnam.
The outputs point out the essential roles
of vegetation in wave attenuation. This
study also claims that wave-induced
flow velocities in standard and storm
conditions are reduced by 40 to 70 %
of incoming waves. Moreover, the role
of vegetation is presented in the study
of Nguyen Tuan Anh and Nguyen Thi
Phuong Thao, (2013), which applies
the SWAN model, Delft University of
Technology, to simulate wave reduction
over the submerged height of a tree.

Furthermore, more independent
studies apply open-source, including
SWAN (Simulation WAve Near-shore)
and especially SWASH (Simulation WAve
till SHore), on the interaction between
wave and vegetation or other vegetation
orientations. Dao et al., (2018) [15] used
SWASH to study wave damping due
to wooden fences, an array of cylinder
media mainly used under the vegetation
implementation model. Dao et al., (2021)
[16] also validated the SWASH model
using a famous bulk drag coefficient - ,
with laboratory data. More importantly,
this drag coefficient is the key for
nearly every study for wave-vegetation
interactions in the future [17].

Most previous studies only give
a few credits for the density, number of
cylinders in an area, and the thickness
of the location where waves interact
to understand the vital key of the bulk
drag coefficient in the vegetation. In
the Mekong Delta, more than a dozen
kinds of mangroves have different
characteristics, such as density of body,
trunks, and roots, and diameter of
body and roots. As mentioned earlier
in Figure 1, mangrove widths have
significantly decreased by at least 10 m
per year from 2006 to 2020. Even though
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the width retreating and the density
reduced by aquaculture activities and
breaking equilibrium by gray structures
are eventually slowed down by local
government and scientists interfering,
the functions of mangroves are still
worth carrying out. These issues also
need to be assessed to compare with
the past situations. In this study, the
numerical models, SWAN and SWASH,
are the primary tools to study wave
attenuation over mangrove forests. The
outline is the Introduction Method for
sections 1 and 2, respectively. Next, the
Results and Discussion are in section 3,
and the final section is the Conclusion.

2. Numerical models

This study uses numerical models,
SWASN and SWASH, to carry out the
wave-vegetation interaction. The SWAN
is the third generation of real-scale wave
simulation in lakes, rivers, seas, and
coastal zones. The SWASH model is used
for modeling water surface based on non-
linear in the shallow areas. Both models
are developed and used for most Ph.D. and
Post-Doctor research at Delft University
of Technology. In the Mekong deltaic
coast, it is observed a gentle slope varying
from 1:500 to 1:2,000. This particular
slope creates a breaking environment for
waves during propagation processes, even
interacts with the entrance of mangrove
forests and creates a highly extended
cross-shore profile for the coasts. Phan
et al., (2014) [12] also claim that the
water depth reaches about 30 m at 100
km offshore. As a result, the computation
times become significantly large and
waste so many resources. Therefore,
the combination of SWAN and SWASH
models is considered for wave-vegetation
interaction.



2.1. Government equations

The SWAN model applies the
wave action balance equation in the
shallow water depth, which can be
modeled through wave propagation
through different topography, reflection,
diffraction, and shoaling due to the
bottom effect. The government equations
are expressed below [18, 19]:

0, respectively; d is the water depth, & is
the wave number, and m_ is the spectral
momentum in the n-order.

Next, the SWASH model is the
time-domain  and  multidimensional
model for modeling non-hydrostatic
and free surface flow based on the
non-linear water equations [20, 21].
SWASH model can also model other
processes for the low- and high-frequency
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where x and z are the horizontal and
vertical directions in the Decade
coordinate, respectively; u and w are the
wave orbital velocities in horizontal and
vertical directions, respectively; # is the
surface elevation, ¢is time; the pressure Pis
separated into non-hydrostatic - P and
hydrostatic pressures - P, relative to the
water column and water orbital in the wa-
ter and in the air; the turbulent friction of
water is set as default, as well as the bottom
friction-c thatbasedonthefamousManning
coefficient.

The interaction between waves and
mangroves is modeled in the vegetation

CpDNH,k

implementation model that uses an array
of cylinders in an area as the vegetation.
In this model, the characteristics of
mangroves include the cylinder diameter,
the density - the number of cylinders in an
area, and the bulk drag coefficient - Cp.
If the incoming wave height in front of
the mangrove belt is H, the wave height
(H, ) reduction inside the mangrove area
can be linearly calculated as:

H 1
=TT ®)
H; 1+ Bx

where the parameter f§ is calculated

by Suzuki et al., (2019) [25] based on
Mendez and Losada (2004) [26]:

sinh3(kaH,) + 3(kaH,) + cosh®(kaH,) — 3(kaH,) + 2
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where the aff (m) is the submerged
depth of a plant in a vegetation model.
Therefore, several parameters can be
importantly  taken  into  account,
including the vegetation height, density,
diameter, and more importantly, the bulk
drag coefficient (C_'d).

2.2. Model settings

As mentioned earlier, the average
slope of the Mekong deltaic coast is
very gentle, including a hill of 1:800
in Bac Lieu province and 1:500 in
Ganh Hao province, Vietnam [27].
The maximum tidal height is up to
4.0 m, and the average water level is
1.95 m [28]. As a result, the average tidal
flat and mangroves can be developed
up to over 1,500 m if the environment
is good enough. Additionally, due to a
lack of near-shore wave data, simulating
offshore waves at a depth of 30 m and
the cross-shore distance of 100 km to
near-shore is essential in this study.
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Since SWAN is suitable for wave
energy dissipation from  offshore
with high-speed computation but less
accurate in the shallow zone, SWASH
is accurately computed in the shallow
water. It consumes incredibly high
computer resources and time. Therefore,
the combination between two models,
SWAN and SWASH, is also essential
in this study. Figure 2b introduces the
SWAN model boundary with the input
boundary on the west side. At the location
near-shore, the SWAN output is a set
of wave spectrum, insisting significant
wave height // and peak wave period
T, is the input for the SWASH model.
It is considered as the fast and accurate
method for this study. Also, in Figure
2b, the total length of the SWAN model
is about 120 km at a depth of 50 m (on
the west side), and the output location is
109.5 km on the cast side (black dashed
line).
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Figure 2: SWAN simulation: (a) Wave height distribution; (b) Model boundary

In Figure 3, the SWASH boundary
is set with a total length of 5,000 m at
a water depth of 4.0 m, and the slope
1s set as 1:800, which is observed in
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Nha Mat, Bac Lieu, Vietnam [27]. The
input is again set at the West side, where
the wave spectrum, such as H_ and Tp 18
put.
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Figure 3: Model boundary for SWASH

Wave characteristics are chosen
from an offshore observation at a water
depth of 35 m and 100 km landward
[29], presented in Table 1. Table 1
shows the statistical waves in maximum
values in 12 months. This study chooses
wave inputs for the SWAN model

(Figure 2, West side) as top waves.
In Figure 2a, wave heights along the
SWAN boundary for three showcases
of January, February, and March show
that wave heights are all attenuated to
about H = 1.5 m at the input location
for SWASH at a water depth of 4.0 m.

Table 1. Long-term statistical wave characteristics in Bach Ho Station (1980 - 2010) [29]

Month | I | m v vV vI|vll|vil|IX | X | XI | XII
Maximum (m) | 70 | 63 | 69 | 45 |50 |47 |40 | 50 [ 50| 50| 7.0 1105
Maximum (s) | 8.7 | 82 | 80 | 100 | 6.8 | 7.1 | 7.7 70 | 73 | 84 | 84 | 115

Additionally, wave spectral densities
for three showcases are presented in
Figure 4. Theoretically, waves in the
propagation process can be distinguished
into several main parts: (1) the peak
period with maximum spectral density -
this is the period of the wave group, and
(2) two smaller peaks for shorter waves.
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In all showcases shown in Figure 4, wave
outputs are shown with peak period with
f= 0.6 Hz for the wave group,
f=0.2 Hz, and 0.115 Hz are represented
for short waves. Wave-wave interactions
can explain the lower frequency. As
mentioned, they can all be chosen for
SWASH inputs.
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Figure 4: (a) Wave spectral density for three showcases in the SWAN model (x = 109.5 km)
and (b) the chosen option for the SWASH model (x =0 m)
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In the SWASH model, several
vegetation cases are shown in Table 2 to
study wave-vegetation interactions. Their
vegetation characteristics are chosen
based on previous studies for laboratory
[13, 16, 30, 31] and field data [27, 32].
Their vegetation characteristics are chosen
based on previous studies for laboratory
[13, 16, 30, 31] and field data [27, 32].
Due to it being impossible to mimic
different body parts of a mangrove, only
the body as a cylinder is used in SWASH.
The vegetation height (/) and body
diameter (D)) are chosen for only one
value of 1.5 m and 0.03 m, respectively.
The bulk drag coefficient (Fd) is based on
Dao et al., (2021) for a similar diameter

and density as 1.5. Vegetation widths are
chosen based on the situation in Figure 1,
in which three widths (B varying from
100 to 200 m are claimed. For each width
shown in Table 1, vegetation densities
(N, cylinder. m”) ranging from 10 to 70
cylinders.m™ are given based on the fact
that there are different types of mangroves
with other biological characteristics. The
observation in the field present in the
previous studies, Dao et al., (2018) [15]
and Mai et al., (2021) [27], the number
of bodies in a square meter reaches a
certain number for its maximum. In this
study, the healthier width is the largest,
and the highest density is the baseline for
comparison.

Table 2. Vegetation scenarios for SWASH

+ Wave direction

(EY]

Water depth (m)

[}
L

Case Vegetation Diameter Width Bulk Drag_ Density
height (H , m) (D, m) (B,, m) coefficient (C') (N, cylinder.)
1 1.5 0.03 200 1.5 10-70,N,=70
2 1.5 0.03 150 1.5 10-70,N, =70
3 1.5 0.03 100 1.5 10- 70, N, =70
4 1.5 0.03 50 1.5 10-70,N,=70
5 0 0 0 0 0
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Figure 5: Schematic profile of vegetation in SWASH: (a) Cross-shore profile in SWASH;
(b), (c), and (d) are vegetation location and width for each scenario
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However, the number of scenarios for
simulation in SWASH can be multiplied
due to the many densities that need to be
tested. At least 31 density tests are carried
out, varying from 10 to 70 cylinders.m™.
The total number of tests for all vegetation
cases is up to 93 scenarios. Therefore, it
1s more convenient to test only one wave
input, as the spectrum is shown in Figure
4, in which wave height H = 1.5 m and
T =38.7Tsto be specific.

Figure 5 presents the mangrove area
thatisatx= 3,500 m in the SWASH model.
In the vegetation model, mangroves are
represented as an array of cylinders,
and the arrangement of cylinders is set
randomly or inhomogeneous. For each
width shown in Figures Sb, 5c, and 5d,
mangroves are set to be retreated 50 m
following the mentioned theory early in

4
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the Introduction section, meaning the
retreated direction is the same as the wave
direction.

3. Result and discussion

3.1. Wave reduction for different
densities

Figure 6 presents wave propagation
to the near-shore and mangrove areas
(green lines) over the profile. Figure 6b
shows wave heights generally keep the
same value as 1.5 m until reaching the
shallower water depth and breaking at
x = 2,000 m. Wave heights are gradually
reduced to about 1.0 m at x = 3,500
m before significantly being damped
by mangroves. The transmission wave
heights behind the mangroves are about
0.1t0 0.2 m.

Mangroves

3000 4000 S000

5000

4000

3000

Distance (m)

Figure 6: (a) Cross-shore profile and mangrove area; (b) Wave height transformation

In Figure 7, simulated results of
wave transforming inside the mangrove
widths, B = 200 m (Figure 7a), B = 150
m (Figure 7b), and B = 100 m (Figure
7¢), in the different densities ranging
from 10 to 50 cylinders.m?. It is seen
that the role of density in wave damping

is essential. The less dense of vegetation,
the lower wave damping. For all lowest
density, 10 cylinders.m?, wave heights
reduce from 0.8 to 0.4 m, but the values
are even lower for higher density, greater
than 10 cylinders.m?, such as 30 and
50 cylinders.m™.
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Figure 7: Wave damping over mangrove areas (a) B, =200 m, (b) B, = 150 m,
(©)B =100m

The surface elevations and spectral
densities of 4 different vegetation densities
at two locations (see Figure 5) in front of
the mangrove belt (x = 3,490 m, red lines)
and inside the mangrove area (x = 3,520
m, blue lines), are presented in Figure 8.
With no mangroves (Figures 8a and 8e),
wave energies at the two locations are
similar, with a minimal energy loss due

MN &%Mﬂﬁw M@a

||||||

|||||

Figure 8:

to bottom and shallow effects. For the
mangrove cases (N > 0, from Figure 8b to
8h), the larger number of cylinders in an
area damps more wave energies, showing
that the gap between the upstream point
and inside point is narrower with the
decrease of density, for example, from
N, =70 cylinders.n (Figure 8b and 8e) to
N, =25 cylinders.m (Figure 8d and 8h).
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Wave spectrum for different densities () N = 0; (b)) N = 70; (c) N, = 50;

d) Nv = 25 cylinders.m
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3.2. Wave attenuation in different
widths

Figure 9 indicates wave height
reduction over mangrove areas in different
widths. The role of widths in wave
damping efficiency is less significant than

the density. Among wave transforming

results of different widths, the larger width,
B = 200 m, the higher wave damping
(menegta lines). Over 95 % of incoming
wave heights are dissipated inside the
mangrove area. Wave heights are reduced
less for the most negligible thickness,
B =100 m, about 90 % incoming wave
energy.
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0.00
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m)  Water
# =

Water depth |
EF
I
]
]
i
-

Figure 9: (a) Wave height reduction over different widths of mangroves; (b), (c¢) and (d)
are the schematic mangrove areas in 03 widths: 200 m, 150 m, and 100 m, respectively

However, it should be noted that
when waves propagate to the smaller
width, they also get damped by bottom
and shallow effects, resulting in wave
energies before reaching the mangrove

Ef}f-ﬁswﬂ ik

thﬂu umw :
Mw m.m b ‘.'w |

Mm mw ! ,mui m

belt. In Figure 9a for the case B, = 100 m
(blue dashed lines), wave heights reduce
by about 20 % their incoming wave
heights at x = 3,400 m before damping to
0.1 m by mangroves.

Figure 10: Surface elevation and wave spectral density over different mangrove widths
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Figure 10 also presents surface
elevation and wave spectrum for different
widths, such as B = 200 m, 150 m, and
100 m, with the same density of 70
cylinders.m?. The role of vegetation
width, again, is influential when nearly
every width damps the same amount
of incoming wave energy. Note that
the extracted point for incoming is near
the mangrove belt (Figure 5). This
result also claims that density plays a
more significant role than width, even
though vegetation width can be the main
biological parameter to indicate how
healthy mangroves are.

3.3.  Relative coefficient
vegetation density and width

for

Wave transmission coefficient (K)
is commonly the comparison parameter
between incoming and attenuated waves.
This coefficient is calculated as:

1.0

0.8

H,;
K, =t
=g (10)

where, H. and H, are the incoming wave
heights and transmitted wave heights
inside a mangrove area, respectively. The
location for extracting these values is
shown in Figure 5.

In  Figure 11, transmission
coefficients (K) are plotted together with
the density rate, R - N/N with N is the
ideal healthy density for mangroves,
which is 70 cylinders.m™. The lower the
rate, the higher the simulated density. For
example, the value of R, varies from 1.0
to 3.0, resulting in the density ranges from
20 to 70 cylinders.m?. From the results
in Figure 10, wave energies reduce from
40 % to 60 % of their incomings when
R, ranges from 1.0 to 3.0. Also, the lower
wave reduction appears at the higher R,
rate, varying from 4.0 to 5.0.

I By
e
0.6 .-‘"
o
- 0.4 /. Ke = 0.38(Ng/N,)%3’

02 ¢ B,=200m
i ® B,=150m
® B,=100m

0.0 2 3 4 5 6 7

_ Density rate (RN)h

Figure 11: Relationship between transmission coefficient (K ) and the density ratio (R,)

Additionally, the
between K, and R v is concluded within the

relationship

curve fit, and it can be expressed as

0.37

K, = 0.38 (%) (11)

N,
From this equation, it is possible to
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predict the incoming wave height and
design an ideal mangrove forest for future
projects via the best option for density.

4. Conclusion

The present study applies the open-
source models, SWAN and SWASH,
to simulate wave attenuation over an



array of mangrove forest cylinders. The
SWAN model is firstly used to simulate
wave transformation from offshore to
near-shore, and the outputs as the wave
spectrum at the near-shore depth are
used as inputs for the SWASH model.
Both models are previously validated
and calibrated, resulting in a certain level
of trust for this study. The simulation
outputs of the SWASH model indicate
the deep information and mechanism of
wave-vegetation interaction.

The  scenarios for SWASH
simulation, including densities and
widths, claim that the densities are the
key to significantly reducing incoming
energies. In contrast, the widths give
a lower wave reduction efficiency.
However, the widths are indicated as one
of the critical parameters for a healthy
mangrove forest. The width can be a
crucial characteristic of mangroves to
reduce the long waves (low-frequency
waves). It is shown that the reduction
of mangrove width in the past decades
resulted in such adisturbing phenomenon:
Coastal erosion. Therefore, the result for
vegetation width needs to be considered
carefully.

Last but not least, the transmission
coefficient, K, is an excellent parameter
to assess the quantity of wave reduction
over vegetation. The relationship
between K, and R, (R, = N/N) - the
density rate is computed as the curve-fit:
K = 038 (N/N)*" opening a new
window for future studies of nature-based
solutions.
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