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A B S T R A C T   

A mobile-bed sandbar-lagoon model was employed in a series of flume experiments to investigate the influence 
of vegetation with different densities over the sandbar on wave attenuation and bed profile evolution. Nineteen 
flume tests were carried out for the same sandbar-lagoon model under different conditions. Extensive analyses 
were conducted on the profile evolution and the wave parameters along the profile of the sandbar-lagoon system. 
Based on the weighted vegetation density by the canopy width, a new empirical relationship was established 
between wave attenuation and vegetation density, water depth and sandbar freeboard. It was found that wave 
attenuation increases with the rise of sandbar freeboard and weighted vegetation density, and decreases with the 
fall of incident wave height. The collision (s-shaped scarp) and overwash (upward concave scarp) types of fore- 
dune morphological evolution were observed in the experiments. The maximum erosion thickness of dune fol-
lows a quadratic polynomial relationship with vegetation density, indicating that too sparse vegetation cover 
may lead to more erosion. It follows that an optimal vegetation density may lead to the least wave reflection due 
to the quadratic polynomial relationship. However, when the maximum erosion thickness of fore-dune is small, 
the quadratic polynomial relationship becomes linear. Furthermore, the experimental results indicate that wave 
height, water depth, sandbar freeboard and vegetation density are all important contributing factors to the 
morphodynamic evolution of sandbar-lagoon system with emergent vegetation. These relationships promote the 
development of wave-vegetation-sediment mechanics and provide a scientific guide to carry out coastal 
ecological restoration projects, especially in the sandbar-lagoon system.   

1. Introduction 

Coastal biome accounted for more than 37% in the global ecosystem 
services with an estimated value of US$12.6 trillion per year (Costanza 
et al., 1997). Coastal lagoons and wetlands cover 13% of coastlines and 
represent one of the most valuable ecosystems which support nearly 
40% of the population within 100 km of coasts (Clara et al., 2017; Suresh 
et al., 2021). However, lagoons and wetlands are threatened by eco-
nomic developments along the coast, and climate changes including 
rising sea levels and increased storm amplitude and frequency (Hanley 
et al., 2020). Coastal vegetation is a natural sea defense at a fraction of 
the cost of hard defenses such as seawalls and breakwaters (Kirwan and 
Megonigal, 2013; Morris et al., 2018), and is critical in maintaining a 

healthy ecological system. With growing interest in coastal resilience, 
vegetation canopy has become a popular nature-based solution for 
ecological restoration, sea dike reinforcement (Ponsioen et al., 2019; 
Pan et al., 2018), sand trapping and wind break (Fu et al., 2021; Li et al., 
2022a). 

Vegetation has a significant wave attenuation capability and higher 
density and biomass lead to greater wave attenuation (Möller et al., 
2011, 2014; Maza et al., 2015). In the past decade, extensive laboratory 
studies have been dedicated to better understanding the wave attenua-
tion by rigid and flexible vegetation (Lowe et al., 2005; Augustin et al., 
2009; Stratigaki et al., 2011; Manca et al., 2012; Koftis et al., 2013; 
Ozeren et al., 2014; Anderson and Smith, 2014; Wu and Cox, 2015; Paul 
et al., 2012; Luhar et al., 2017; Yin et al., 2020). Anderson and Smith 
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(2014) proposed that stem density and the ratio of stem length to water 
depth are the key factors in wave attenuation of single- and 
double-peaked irregular waves. Lei and Nepf (2019) characterized the 
impact of artificial flexible plants reconfiguration on wave decay by an 
effective blade length and liked individual blade dynamics to meadow 
scale. Experiments in one of the largest wave flumes in the world 
(Rupprecht et al., 2017) showed that plant flexibility and height, wave 
condition and water depth are determining factors for salt marsh 
vegetation interactions with waves. Türker et al. (2019) used model 
cylinders composed of dried phragmites australis stems and found high 
correlation between wave damping and non-dimensional vegetated 
length parameter. 

Dalrymple et al. (1984) and Kobayashi et al. (1993) established 
theoretical models for the wave attenuation by submerged and emergent 
rigid canopies. Zhu and Zou (2017) generalized an analytical solution, 
indicating that wave attenuation increases with the rising elevation of 
the suspended vegetation canopy from the bottom and the rise of inci-
dent wave height and wave period. Zhu et al. (2020) developed 
analytical solutions for random wave attenuation of submerged and 
suspended flexible vegetation canopy that reduce to the solutions by 
Mendez and Losada (2004), Chen and Zhao (2012) and Jacobsen et al. 
(2019) for submerged rigid aquatic vegetation and verified aquaculture 
farms as nature-based coastal protection. Chen and Zou (2019) com-
bined an OpenFOAM (Higuera et al., 2013) hydrodynamics model with 
an immersed element model of flexible vegetation and observed a strong 
jet at the top of a submerged canopy opposite to wave direction. Zhang 
et al. (2021b) developed a simple wave damping model for flexible 
marsh plants considering sheltering effect. Zhao et al. (2023) obtained a 
linear relationship between the wave transmission coefficient and a new 
parameter dependent on the Iribarren number, relative water depth, 
vegetation width, submergence, and vegetation density based on ex-
periments. Maza et al. (2022) related wave damping to the hydraulic 
standing biomass containing the meadow mean height, standing 
biomass and incident flow characteristics. 

Vegetation can reduce dune erosion effectively and it is directly 
connected with the energy dissipation depending on vegetation cover 
(Figlus et al., 2017; Ayat and Kobayashi, 2015). Localized energy 
dissipation by vegetation creates a shadow region of low wave energy, 
which may have important implications for neighboring coastal area 
(Dalrymple et al., 1984). Based on the rate of energy change for dis-
locating sediment particles proposed by Türker and Kabdasli (2004), a 
linear correlation was depicted (Türker et al., 2019) between wave en-
ergy dissipation by vegetation cover and energy to erode the coastal 
dune. To capture a range of morphodynamic responses to storms, Sal-
lenger (2000) proposed four storm impact regimes (swash, collision, 
overwash and inundation), which has been adopted as a measure of 
storm impacts on coastlines (Jackson and Short, 2020; Han et al., 2022). 
According to the morphodynamic transition time between two neigh-
boring storm impact regimes, Odériz et al. (2020) used internal rock 
core structure to strengthen the dune, and studied the effects of vege-
tation positions under storm conditions. It was found that the vegetation 
provides a better protection in the initial swash and collision regimes, 
while the rock core is better preventing overwash and dune destruction 
during the final stages of storm impacts. 

In addition, the evolution of artificial sandbar or submerged berms 
has attracted lots of attention recently due to its complexity and sig-
nificance. Pan et al. (2022, 2023) conducted a series of flume experi-
ments to investigate the evolution of a submerged berm under regular 
and irregular waves in low-energy conditions. There is a lack of exper-
imental study on coastal profile evolution in the presence of vegetation 
canopy (Silva et al., 2016; Astudillo et al., 2022). Even fewer studies 
have been reported on the vegetated sandbar-lagoon system. Unlike 
previous studies on wave and beach profile changes with emergent 
vegetation of bamboo stick (Kuang et al., 2021), real aquatic plants of 
dracaena sanderiana (Cong et al., 2021a), and submerged vegetation 
made of optical fiber (Cong et al., 2021b, 2022), this study investigates 

the morphodynamic evolution of a sandbar-lagoon system with emer-
gent aquatic vegetation during storms. It is structured as follows: Section 
2 is concentrated on experimental set-up and data analysis, Section 3 
presents the results, Section 4 focuses on the discussion, and Section 5 
concludes the main point of the study. 

2. Methods 

2.1. Experimental setup 

The mobile-bed experiment was carried out in a 50 m long × 0.8 m 
wide × 1.2 m deep wave flume in the Laboratory of Hydraulic and 
Harbor Engineering, Tongji University. The experimental layout was 
shown in Fig. 1 and the photos of experiment layout were presented in 
Fig. 2. This study focused on an eroded sandy lagoon coast system 
without beach shoulder and with only fore-dune face. The sandbar crest 
was 1 m long and 0.48 m high, and all slopes were set as 1:2. The back 
side of the coastal fore-dune was supported by a 0.8 m high poly-
propylene (PP) board. Wave data were collected by seven capacitive 
wave gauges (W1–W7) and four acoustic wave gauges (Wa~Wd), all 
with a sampling frequency of 50 Hz. The wave gauge locations were 
marked in Fig. 1. The entire experiment process was recorded by three 
Signal Lens Reflex (SLR) cameras installed near the sandbar, lagoon and 
coastal fore-dune, respectively. The following coordinate system was 
adopted (Fig. 1): the horizontal axis x = 0 is at the location of W1; the 
vertical axis z = 0 is at the bottom of the flume. 

Emergent vegetation was mimicked by bamboo sticks with a diam-
eter of 4 mm, and the vegetation canopy was 0.50 m long at the sandbar 
crest and 0.24 m long at the front slope of the sandbar (as shown in 
Fig. 1). Vegetation was planted according to the rectangular distribution 
with two kinds of density (see Fig. 3 for the vegetation configuration). 
The vegetation density was reduced by removing some rows in the wave 
direction. Bamboo sticks were fixed in a prefabricated PP board (Fig. 4a) 
placed in the bottom of the bar (Fig. 4b) with enough freeboard (Fig. 1). 
The specific experimental procedure was as follows. Pre-buried pits 
were laid in the area where vegetation needs to be arranged on the 
moving bed; prefabricated planter plates were for simulating emergent 
plant planting; emergent plants were simulated on the planter plate. 
Planting plates with emergent plants were placed in a pre-buried pit; the 
backfill sand was filled layer by layer in the pre-buried pit. After each 
layer of backfill sand was filled, water injection and vibration operation 
were carried out for the backfill sand in the pre-buried pit until the 
filling height of the pre-buried pit was consistent with the height of the 
moving bed. The plant distribution density ϕ was calculated using the 
formula by Tanino and Nepf (2008). 

ϕ =
Vs

V
=

N × Si

S
(1)  

where Vs is the submerged volume of vegetation; V is the total volume of 
water column occupied by the plant canopy. In this experiment, volume 
can be converted into area to calculate the distribution density of 
emergent vegetation. N is the total number of plants in the coverage 
area; Si is the cross-sectional area of a single plant (Si = πrv

2, rv is the 
radius of a single plant); S is the total area covered by vegetation canopy. 

The vegetation distribution density was calculated using the above 
method on the sea-side slope and the sandbar crest, respectively. How-
ever, vegetation canopy width in the direction of wave propagation 
(Fig. 3b) also has a significant effect on wave attenuation and dune 
erosion. The vegetation width was considered in the weighted density 
ϕw, resulting in a dimension of ‘meter’ using the following formula. 

ϕw = a1ϕ1 + a2ϕ2 (2)  

where a1 and a2 are the vegetation canopy width (Fig. 3b) on the sea- 
side slope and the sandbar crest, respectively; ϕ1 and ϕ2 are the corre-
sponding vegetation density, respectively. 
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Wave data collected at the Qilihai buoy station in Qinhuangdao city 
from April to December 2019 was used as the incident waves. The model 
scale 1:10 was designed following (Yin et al., 2017; Ma et al., 2020; 
Kuang et al., 2020) and detailed steps can be found in Appendix. Two 
water depths (d) of 0.48 m and 0.55 m were taken into consideration in 
this experiment. The incident significant wave height, vegetation 

density, and weighted vegetation density were shown in Table 1. For d 
= 0.48 m, seven test conditions were designed; for d = 0.55 m, twelve 
test conditions were implemented. The irregular wave generated by 
JONSWAP spectrum was used in the experiment. The measured spectra 
obtained in the empty flume by the capacitive wave gauge located at W0 
was shown in Fig. 5. 

2.2. Data analysis 

In this study, all data analysis was carried out using MATLAB 
R2019b. Significant wave height H1/3 was obtained using the relation-
ship between statistical characteristics of wave surface elevation and 
wave spectra. 8192 sampling points with a sampling frequency of 0.02 s 
were used for each test, and each test lasts 2.73 min. First, wave time- 
series data were standardized: time series of raw data A minus time 
series after the moving mean function movmean (A, k), where the 
parameter value k of the sliding window length was taken as the sam-
pling points contained in a wave period. Then, wave spectra were ob-
tained through the fast Fourier transform method. Finally, the 
significant wave height was calculated using H1/3 = 4m0

1/2, where m0 is 
the zero-order moment of the wave spectrum. The wave reflection co-
efficient was calculated by separating the incident and reflected wave 
heights based on the wave data at W2 and W3 wave gauge, following 
Goda and Suzuki (1976). According to the incident wave amplitude ai 

Fig. 1. Experimental setup diagram for a sandbar-lagoon system with emergent vegetation in a 50 m long × 0.8 m wide × 1.2 m deep wave flume. Wave data was 
collected by seven capacitive wave gauges (W1–W7) and four acoustic wave gauges (Wa~Wd). 

Fig. 2. Experiemental layout of (a) sandbar-lagoon-foredune system and (b) vegetation canopy at the crest of sand bar.  

Fig. 3. Top view of vegetation canopy in rectangular distribution with (a) high 
and (b) low density. Yellow and empty circles indicate the locations with and 
without vegetation attached to the prefabricated PP board. 

Fig. 4. Mimicked vegetation canopy with bamboo sticks. (a) Vegetation attached to a prefabricated PP board; (b) Vegetation layout over a sandbar crest before 
erosion occurs. 
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and reflected wave amplitude ar of each component, the wave reflection 
coefficient Kr can be obtained. 

Kr =

[
∑M

m=1
a2

r (m)

/
∑M

m=1
a2

i (m)

]1/2

(3)  

where M is a half of the total number of samples. 
The incident wave height Hi and reflected wave height Hr can be 

calculated from Kr and the measured synthetic wave height Hs (the mean 
value of wave heights at W2 and W3) as follows. 

Hi = Hs

/(
1 + K2

r

)1/2

Hr = KrHs

/(
1 + K2

r

)1/2

⎫
⎬

⎭
(4) 

Transmitted wave height Ht was calculated from the wave data at 
W5, and the transmission coefficient Kt was given by Kt = Ht/Hi. Dissi-
pation coefficient Kd represents wave energy loss, which can be calcu-
lated according to energy conservation (Yin et al., 2016; Ma et al., 
2018a, 2018b), i.e. 

Kr
2 +Kt

2 + Kd
2 = 1 (5)  

In order to quantify the vegetation influence on wave attenuation, the 
wave attenuation by vegetation was calculated by the following equa-

tion. 

kw =
Hn − Hx

Hn
(6)  

where Hx and Hn is the characteristic significant wave height at fore- 
dune (W7) in the test with and without vegetation. 

Seabed profile change was obtained by image pixel analysis method. 
Firstly, the geomorphological contour image corresponding to the 
feature time in the video was intercepted and corrected, and then the 
geomorphological contour of the sandbar-lagoon system profile in each 
image was depicted with red single pixel points. The coordinates of red 
single pixel points were extracted with MATLAB through RGB color 
value, and finally the pixel coordinates were converted to the actual 
coordinate system shown in Fig. 1 to obtain the geomorphological 
profile change measurements. 

3. Results 

3.1. Wave transformation 

The significant wave heights calculated from the wave spectrum 
measured by each wave gauge along the flume were plotted in Fig. 6. It 
can be seen that local wave height is increased with the decreased water 
depth over sandbar due to shoaling as shown in Li et al. (2021), and then 
wave height decreases rapidly after wave gauge Wa, and the significant 
wave height in lagoon with vegetation decreases more significantly 
compared with tests without vegetation. The greatest wave attenuation 
appears when high-density emergent vegetation was arranged on both 
the sea-side slope and the sandbar crest. When the wave propagates to 
the fore-dune, the wave height increases slightly due to the shallow 
water zone. When d = 0.55 m, it can be seen from Fig. 6b that vegetation 
significantly weakens the amplitude of increasing wave height in the 
margin of wave-breaking zone (Wa). The extreme point of increasing 
wave height moves towards the lagoon shown in Fig. 6c, from W4 
(H2–N) without vegetation to Wa (H2–CH, H2-CL, vegetation only in 
sandbar crest) with vegetation. When d = 0.48 m, there is no obvious 
wave height change of different tests when the wave enters the shallow 
water area. It may be related to the zero freeboard (Rc, Bar crest 
elevation minus still water level) (Jones et al., 2013), which leads to not 
enough water depth for wave height change. Therefore, when Rc is the 
negative, emergent vegetation at the sandbar crest can weaken the 
amplitude of increasing wave height in the margin of wave-breaking 
zone, and when the incident wave height increases, the location of 
extreme wave height moves towards the lagoon. 

Emergent vegetation reduces the wave height before and after 
vegetation canopy in general. But the wave height before vegetation 

Table 1 
Parameters of Physical experimental tests. H0 and T0 is the incident significant wave height and wave period; ϕ and ϕw is the non-weighted and weighted vegetation 
density. Test names are denoted by L: Low water depth; H1: High water depth with H0 of 0.16m; H2: High water depth with H0 of 0.21m; N: No vegetation; CH: Bar 
Crest with vegetation of High density; SH: Bar fore Slope with vegetation of High density; CL: Bar Crest with vegetation of Low density; SL: Bar fore Slope with 
vegetation of Low density.  

Test name H0 (m) T0 (s) ϕ (− ) ϕw (m) 

Water depth d = 0.48 m Water depth d = 0.55 m Field Lab Field Lab Bar crest Bar fore slope 

Group 1 (G1) L-N Group 2 (G2) H1–N 1.6 0.16 5.7 1.80 0 0 0 
L-CH H1–CH 1.6 0.16 5.7 1.80 0.0314 0 0.0157 
L-CL H1-CL 1.6 0.16 5.7 1.80 0.0157 0 0.0079 
L–CH–SH H1-CH-SH 1.6 0.16 5.7 1.80 0.0314 0.0314 0.0232 
L-CL-SL H1-CL-SL 1.6 0.16 5.7 1.80 0.0157 0.0157 0.0116 
L-CL-SH H1-CL-SH 1.6 0.16 5.7 1.80 0.0157 0.0314 0.0154 
L–CH–SL H1–CH-SL 1.6 0.16 5.7 1.80 0.0314 0.0157 0.0195 

– Group 3 (G3) H2–N 2.1 0.21 6.7 2.12 0 0 0 
– H2–CH 2.1 0.21 6.7 2.12 0.0314 0 0.0157 
– H2-CL 2.1 0.21 6.7 2.12 0.0157 0 0.0079 
– H2-CH-SH 2.1 0.21 6.7 2.12 0.0314 0.0314 0.0232 
– H2-CL-SL 2.1 0.21 6.7 2.12 0.0157 0.0157 0.0116  

Fig. 5. Measured wave spectra in empty flume at gauge W0 for three incident 
wave conditions with still water depth (d) of 0.48 or 0.55 m. 
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cover is more complicated due to the presence of surf zone. For example, 
the attenuation characteristic at gauge W3 is almost completely different 
from that at gauge W4 in Group 3 (Fig. 6c). Besides, the position before 
vegetation was difficult to define due to different cover width of vege-
tation canopy. The magnitude of wave attenuation at W7 behind the 
vegetation cover is more obvious and Fig. 7 shows the corresponding 
wave attenuation coefficients. For same vegetation canopy, wave 
attenuation at gauge W7 for Group 1 (G1) is larger than that for Group 2 

(G2) which is larger than that of Group 3 (G3), namely, when the 
freeboard Rc = 0 (G1, small water depth) the wave attenuation is the 
largest; as water depth increases (G2, G3; large water depth), the wave 
attenuation decreases. When the incident wave height increases (G3 
from G2), the wave attenuation drops slightly. At Gauge W7, the 
maximum wave attenuation is 63.45% for G1, 42.74% for G2 and 
42.02% for G3, respectively. Maximum wave attenuation is attained at 
the maximum weighted vegetation density for each group. In addition, 
for all tests, wave attenuation increases with increasing weighted 
vegetation density. 

Fig. 8 illustrates the wave reflection, transmission, and dissipation 
coefficients. Overall, wave reflection coefficient Kr ＜ wave transmission 
coefficient Kt ＜ wave dissipation coefficient Kd, which is the same with 
Ma et al. (2018a) who studied on the effect of artificial reef. Given the 
same incident wave height, the Kr increases with decreasing freeboard 
so that Kr for group G1 (Rc = 0) is generally higher than that for G2 (Rc =

− 0.07 m). Kr increases (G2＜G3) with increasing incident wave height, 
affected by the freeboard Rc and the scarp shape of coastal fore-dune 
during erosion (further explained in the next subsection). When d =
0.48 m (G1), more waves break at the sandbar crest leading to a lower 
wave energy after the bar. Therefore, Kt of G1 is the lowest, due to its 
highest Kd. In addition, Kt in L–CH–SH and H2–N (abbreviations of 
different tests are shown in Table 1.) attains the minimum and 
maximum values, respectively. The smallest Kt may be due to lower 
energy after the sandbar caused by smaller water depth and the densest 
vegetation in L–CH–SH. However, the maximum Kt appears in H2–N, 
which may be caused by d = 0.55 m without vegetation. 

3.2. Bed profile changes 

Fig. 9 shows the geomorphological profiles after 2.73 min with 
sampling points of 8192 of each test. In general, the sea-side of sandbar 
crest is eroded more than the lagoon-side; the lagoon is almost always 
subject to deposition to various degrees. Scour hole is evident at the sea- 
side edge of vegetation canopy, where the sediment at the bed is stirred 
up and entrained by the enhanced local flow due to the oscillation of the 
vegetation mimics and blockage by vegetation canopy and wave 
reflection similar to the toe scour in front of a porous vertical breakwater 
and seawall studied by Peng et al. (2018) using a partial cell method. 
The result is consistent with the finding that roots may enhance erosion 

Fig. 6. Wave attenuation along the flume. (a) Group 1 (G1) with water depth d 
= 0.48 m and the incident significant wave height of 0.16 m; (b) Group 2 (G2) 
with d = 0.50 m and the incident wave height of 0.16 m; (c) Group 3 (G3) with 
d = 0.50 m and the incident wave height of 0.21 m. L: Low water depth; H1: 
High water depth with H0 of 0.16m; H2: High water depth with H0 of 0.21m; 
N: No vegetation; CH: Bar Crest with vegetation of High density; SH: Bar fore 
Slope with vegetation of High density; CL: Bar Crest with vegetation of Low 
density; SL: Bar fore Slope with vegetation of Low density. 

Fig. 7. Wave attenuation by vegetation canopy at Gauge W7. G1 is the Group 
with a freeboard Rc = 0, water depth d = 0.48 m and incident wave height of 
0.16 m; G2 is the Group with Rc = − 0.07 m, d = 0.55 m and incident wave 
height of 0.16 m; G3 is the Group with Rc = − 0.07 m, d = 0.55 m and incident 
wave height of 0.21 m. L: Low water depth; H1: High water depth with H0 of 
0.16m; H2: High water depth with H0 of 0.21m; N: No vegetation; CH: Bar 
Crest with vegetation of High density; SH: Bar fore Slope with vegetation of 
High density; CL: Bar Crest with vegetation of Low density; SL: Bar fore Slope 
with vegetation of Low density. 
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through uprooting in marginal areas of salt marsh due to punctuated 
wave disturbances (Feagin et al., 2019) and that vegetation motion 
enhances turbulence energy, specifically at the interface of canopy and 

flow according to the coupled OpenFOAM-finite element model results 
by Chen and Zou (2019). Within the lagoon behind the sand bar, where 
water depth d = 0.48 m, more sediment accumulation occurs on the 

Fig. 8. Wave reflection, transmission, and dissipation 
coefficients. G1 is the group with a freeboard Rc = 0, 
water depth d = 0.48 m and incident wave height of 
0.16 m; G2 is the group with Rc = − 0.07 m, d = 0.55 
m and incident wave height of 0.16 m; G3 is the 
group with Rc = − 0.07 m, d = 0.55 m and incident 
wave height of 0.21 m. L: Low water depth; H1: High 
water depth with H0 of 0.16m; H2: High water depth 
with H0 of 0.21m; N: No vegetation; CH: Bar Crest 
with vegetation of High density; SH: Bar fore Slope 
with vegetation of High density; CL: Bar Crest with 
vegetation of Low density; SL: Bar fore Slope with 
vegetation of Low density.   

Fig. 9. Profile changes for: (a) G1, the Group 1 with a 
freeboard Rc = 0, water depth d = 0.48 m and inci-
dent wave height of 0.16 m; (b) G2, the Group 2 with 
Rc = − 0.07 m, d = 0.55 m and incident wave height 
of 0.16 m; (c) G3, the Group3 with Rc = − 0.07 m, d =
0.55 m and incident wave height of 0.21 m. The axes 
of x and z are the coordinate systems defined in Fig. 1. 
L: Low water depth; H1: High water depth with H0 of 
0.16m; H2: High water depth with H0 of 0.21m; N: 
No vegetation; CH: Bar Crest with vegetation of High 
density; SH: Bar fore Slope with vegetation of High 
density; CL: Bar Crest with vegetation of Low density; 
SL: Bar fore Slope with vegetation of Low density.   
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bar-side for Group 1 (G1); however, when water depth d = 0.55 m, more 
sediment accumulation occurs on the dune-side for Group 2 and 3 (G2 
and G3). 

The collision regime is defined as the maximum run-up level remains 
under the elevation of dune crest, and the overwash regime was defined 
as the maximum run-up level exceeds the dune crest (Sallenger, 2000). 
The coastal fore-dune displays two kinds of scarp shape: s-shaped scarp 
(Fig. 10) and upward concave scarp (Fig. 11), corresponding to the 
collision and overwash regime, respectively, which is consistent with 
erosion regimes proposed by Silva et al. (2016) for the dune profiles with 
a berm. When d = 0.48 m (G1), the scarp becomes nearly vertical and 
tends to be s-shaped, which may cause waves to collide directly with the 
seaward face of the dune, resulting in strong wave reflection. When d =
0.55 m (G2), the scarp is s-shaped, and the convex shape above the scarp 
can buffer part of wave energy by changing wave shape to a roller and 
then a splashing (Fig. 10a and b) and reduce the wave reflection. Besides 
the cross-shore wave height transformation, skewness (Sk) and asym-
metry (As) of wave profile relative to horizontal and vertical axes are the 
major drivers for wave-induced sediment transport and morphological 
change with and without low crest structure such as sand bar, reef and 
breakwater (Hoefel and Elgar, 2003; Ruessink et al., 2009; Gonza-
lez-Rodriguez and Madsen, 2007; Zou and Peng, 2011). Test video re-
cords indicate that overwash regime occurred in most tests of Group 3 
(G3), i.e., when waves climb up the slope of fore-dune, cross the dune 
crest at 0.8 m elevation at x = 12.84 m and propagate down the lee slope 
of the dune (Fig. 11). In this regime, wave run-up promotes wave 
reflection as shown in Fig. 11c. 

Interestingly, sand ripples occurred in the sandbar-side lagoon of H2- 
CH-SH and H2-CL-SL, which indicates stronger hydrodynamic effects 
near the lagoon bed. In order to assess whether ripples are present in 
other tests, recorded videos were watched carefully. Table 2 shows the 
presence and position of ripples in all the tests. When the water depth is 
0.48 m and incident wave height is 0.16 m (group G1), ripples occur in 
L-N and L-CL when more wave energy propagates into lagoon. In group 
G2 (water depth of 0.55 m and incident wave height of 0.16 m), ripples 
occur in all tests except for H1-CH-SH when the highest vegetation 
density damps wave energy considerably. Thus it can be seen that the 

presence of ripples near the lagoon bed depends on the wave energy 
reached there. However, in group G3 which has higher incident wave 
height than group G2, ripples only occur in test runs of H2-CH-SH and 
H2-CL-SL when energy in lagoon is lower than other tests of G3. Further 
video observations indicate that a strong sediment transport prevents 
the formation of ripples. Because G1 has serious sedimentation near 
lagoon-side sandbar, ripples occur near the right side of lagoon. Ripples 
of G2 and G3 move to the left and/or middle of lagoon due to significant 
sediment transport in the dune-side lagoon. Therefore, the presence of 
ripples depend significantly on the wave energy dissipation and bed- 
load transport. 

Maximum erosion and deposition thicknesses of sandbar (x =
6.88–9.60 m), lagoon (x = 9.60–11.44 m) and dune (x = 11.44–12.74 
m) were derived from the measured bed profiles as shown in Fig. 12. The 
maximum erosion thickness is greater than the maximum deposition 
thickness. The maximum deposition thickness of sandbar remains be-
tween 5.2 cm and 7.4 cm for all three test groups of G1 to G3, and is 
mainly concentrated at the sea-side slope toe of the sandbar (Fig. 9). The 
maximum deposition thickness of lagoon and coastal fore-dune for G1 
with a water depth d = 0.48 m is lower than that of G2 and G3 with a 
water depth d = 0.55 m. This is due to more wave breaking above the 
sandbar, which causes the lower wave energy being transmitted to the 
coastal fore-dune and less dune erosion at a shallower water depth d =
0.48 m of G1, as well as the maximum deposition thickness of lagoon 
near the sandbar-side and smaller deposition thickness at the fore-dune 
(Fig. 9a). However, when d = 0.55 m, the maximum deposition thick-
nesses of lagoon and fore-dune concentrated at the slope toe of the fore- 
dune becomes larger due to more dune erosion (Fig. 9b and c). In 
addition, the maximum deposition thicknesses of lagoon and dune for 
case H1-CL-SL is larger than that for other cases. It can be seen from 
Fig. 9b that the deposition slope of H1-CL-SL is significantly steeper than 
that of H1–N with more sediment transport towards lagoon near the 
dune toe, resulting in more deposition, so the maximum deposition 
thicknesses of lagoon and dune (H1-CL-SL) are larger. 

With the same incident wave height, the maximum erosion thickness 
of sandbar for group G1 with a still water depth d = 0.48 m is slightly 
larger than that for group G2 with a water depth of d = 0.55 m due to 

Fig. 10. Erosion process at the fore dune of s-shaped scarp (collision regime). (a) Roller generated by upward wave force; (b) Splashing formed with strong current 
against the dune barrier; (c) Crazing produced by continuing wave oscillation; and (d) Crack finally due to surpassed damage threshold. 
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more wave breaking and energy dissipation over the sandbar with a 
smaller water depth. The maximum erosion thickness of sandbar with 
emergent vegetation is larger than that without vegetation in some tests, 
especially in G3, which is consistent with the scour hole shown in 

Fig. 9c. The maximum erosion thickness of fore-dune with d = 0.55 m is 
larger (G2, G3) than that with d = 0.48 m (G1). Overall, the emergent 
aquatic vegetation reduces the maximum erosion thickness of fore-dune, 
but the test of H2-CL displays a larger maximum erosion thickness, 

Fig. 11. Erosion process at the fore dune of upward concave scarp (overwash regime). (a) Wave breaking produced by shoaling effect; (b) Wave run-up leading to an 
overwash; (c) Wave reflection from fore-dune face; and (d) Backflow formed due to wave reflection. 

Table 2 
Presence and position of ripples in all tests derived from video observation. “√” represents a presence of ripples, while “ × ” represents an absence of ripples.  

Test Ripples Position within lagoon Test Ripples Position within lagoon Test Ripples Position within lagoon 

L-N ✓ Right H1–N ✓ Left H2–N × － 
L-CH × － H1–CH ✓ Left and middle H2–CH × － 
L-CL ✓ Right H1-CL ✓ Left and middle H2-CL × － 
L–CH–SH × － H1-CH-SH × － H2-CH-SH ✓ Left and middle 
L-CL-SL × － H1-CL-SL ✓ Left and middle H2-CL-SL ✓ Left 
L-CL-SH × － H1-CL-SH ✓ Left and middle － － － 
L–CH–SL × － H1–CH-SL ✓ Left and middle － － －  

Fig. 12. Maximum deposition and erosion thickness. 
MDTS: the maximum deposition thickness of sandbar; 
MDTL: the maximum deposition thickness of lagoon; 
MDTD: the maximum deposition thickness of dune; 
METS: the maximum erosion thickness of sandbar; 
METD: the maximum erosion thickness of dune. G1 is 
the group with a freeboard Rc = 0, water depth d =
0.48 m and incident wave height of 0.16 m; G2 is the 
group with Rc = − 0.07 m, d = 0.55 m and incident 
wave height of 0.16 m; G3 is the group with Rc =

− 0.07 m, d = 0.55 m and incident wave height of 
0.21 m.   
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which may be due to the exposure of the rear PP board in the wave run- 
up process, hindering the overwash flow to a certain extent, and 
increasing the downward backflow and dune erosion. 

4. Discussions 

4.1. An empirical model of wave attenuation 

In this study, the wave attenuation coefficient was calculated based 
on the wave height at the specific position of Gauge W7 of the test 
without vegetation, and more attention was paid to the vegetation ef-
fect. To quantitatively observe how the vegetation canopy affects wave 
attenuation, the best fitted line between wave attenuation and weighted 
vegetation density (ϕw) was shown in Fig. 13. Note that the condition 
without vegetation was taken as the origin of the axis (0, 0), and every 
intercept was artificially set as zero. Each group of data shows obvious 
linear correlation with all determination coefficients (R2) greater than 
0.93. In general, the weighted density of emergent vegetation consid-
ering the influence of cover width has a positive linear correlation with 
the wave attenuation coefficient in different groups. 

Figs. 13a and b have a large difference in line slope, indicating that 
water depth d and freeboard Rc have a significant effect on wave 
attenuation. While, the similarity of line slope in Figs. 13b and c shows 
that the effect of incident wave height is slight. Due to a negative rela-
tionship between wave attenuation and d, a positive relationship be-
tween wave attenuation and Rc, and the same dimension of d, Rc, and 
weighted vegetation density, the following empirical formulas can be 
assumed. 

kw = a
ϕw

d − iRc
= aζ (a＞0) (7)  

where i is a factor representing the effect intensity of sandbar freeboard 
being changeable in the moveable bed of the sandbar-lagoon system; ζ is 
a new parameter containing vegetation density, water depth and 
sandbar freeboard, which is similar with Zhao et al. (2023). Fig. 14 
presents a direct proportional relationship between wave attenuation 
and a new parameter. Note that the condition without vegetation was 
not considered in Fig. 14, but every intercept was artificially set as zero. 
We found that when i = 3 the determination coefficient R2 reached the 
largest value of 0.95. It presents an optimally integrated relationship 
between wave damping and vegetation density. For sandbar-lagoon 
system, this relationship tells that weighted vegetation density, water 
depth and sandbar lagoon are the dominant factors, rather than incident 
wave height. The final formula kw = 13.31ζ can be used to predict the 
wave attenuation in any typical lagoon-sandbar system affected by 
vegetation planted in sandbar, but more data is required for its 
calibration. 

4.2. Relationship between wave coefficients and vegetation density 

The relationship between weighted vegetation density and wave 
energy transformation described by wave reflection, transmission, and 
dissipation coefficient was demonstrated in. Fig. 15. The relationship 
between the reflection coefficient (Kr) and the weighted vegetation 
density (ϕw) is best fitted by a quadratic polynomial (Fig. 15a), espe-
cially at the water depth d = 0.55 m, with a determination coefficient 
greater than 0.94. At a water depth d = 0.48 m, the determination co-
efficient (ϕw and Kr) is lower, possibly due to complicated wave trans-
formation. The wave reflection is initially and mainly influenced by the 
sandbar freeboard Rc = 0 and its steep seaward slope (Zhang et al., 
2021a; Li et al., 2022b). As time goes by, the water depth over bar crest 
increases gradually, leading to strengthened effect of vegetation and 
fore-dune. With the increase of ϕw, Kr decreases first and then increases 
gradually. It is well known that when the water depth is smaller and the 
incident wave height is larger, ϕw corresponding to the minimum Kr is 
larger. Therefore, according to the fitting formula in the following chart, 
the order of ϕw corresponding to the minimum Kr are: G2 (ϕw = 0.0134 
m) <G1 (ϕw = 0.0172 m) <G3 (ϕw = 0.0192 m). 

The wave transmission coefficient (Kt) decreases with increasing ϕw 
(Fig. 15b). The wave dissipation coefficient (Kd) increases with 

Fig. 13. Relationship between wave attenuation and weighted vegetation density. (a) Group G1, (b) Group G2 and (c) Group G3. G1 is the group with a freeboard Rc 
= 0, water depth d = 0.48 m and incident wave height of 0.16 m; G2 is the group with Rc = − 0.07 m, d = 0.55 m and incident wave height of 0.16 m; G3 is the group 
with Rc = − 0.07 m, d = 0.55 m and incident wave height of 0.21 m. p values were calculated using two-sided T-test with bi-sample equal variance hypothesis. 

Fig. 14. Linear fitting of a new empirical formula of wave attenuation kw with 
95% confidence and prediction interval (band). Prediction band is to forecast 
variable, while confidence band is to forecast the desired value of variable. ζ is 
a new dimensionless parameter dependent on vegetation density, water depth 
and sandbar freeboard, similar with that in Zhao et al. (2023). 
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increasing ϕw (Fig. 15c). The linear correlation between Kt or Kd and ϕw 
is excellent. Despite that the determination coefficient between Kd and 
ϕw of G3 is 0.84, the determination coefficient for other test groups (G1 
and G3) is all greater than 0.92 with the highest value of 0.99. So, the 
following empirical formulas can be achieved. 
⎧
⎪⎪⎨

⎪⎪⎩

Kr = mr1ϕ2
w + mr2ϕw + mr0

Kt = mt1ϕw + mt0

Kd = md1ϕw + md0

mr1＞0,mr2＜0

mt1＜0,mt0＞0

md1＞0,md0＞0

(8)  

where m∗ (* represents different subscripts) are fitting coefficients. Ac-
cording to the quadratic polynomial correlation, there is an optimal 
vegetation density producing the least wave reflection coefficient. This 
would provide valuable guidance for engineering practice and a specific 
vegetation density range for lowest wave reflection. Wave transmission 
and dissipation are correlated to the wave attenuation (Fig. 13) linearly. 

4.3. Dune protection by vegetation 

Linear correlation between Kt or Kd and the maximum erosion 
thickness of fore-dune were proposed previously by Cong et al. (2021a). 
In that study, the incident wave height was 0.10 m, and the maximum 
erosion thickness of fore-dune was only 17 cm. While, in this study, 
intensive nonlinear relationship occurs due to larger wave energy, 
especially the group G3 with the maximum erosion thickness of 
fore-dune reaching to 23 cm. Dune erosion has been concerned carefully 
due to the decreasing coastal resilience. Fig. 16 presents a quadratic 
polynomial relationship between the weighted vegetation density (ϕw) 
and the maximum erosion thickness of fore-dune. When ϕw is small, the 

maximum erosion thickness of fore-dune changes slightly. In general, 
the maximum erosion thickness of fore-dune decreases almost linearly 
with increasing ϕw, especially G2 with determination coefficient in 
linear fit of 0.90 equivalent to that of quadratic polynomial fitting. 

Overall, when the maximum erosion thickness of fore-dune is small, 
the relationship tends to be linear (Fig. 16a, G2); when the erosion is 
severe, the nonlinear interaction becomes prominent, showing an 
obvious quadratic polynomial correlation (Fig. 16a, G1 and G3). This 
relationship seems to correspond with wave reflection. The lowest 
reflection leads to the greatest erosion thickness. Taking the new 
parameter ζ (i = 3) mentioned above as the independent variable, and 
relative erosion thickness Ed/H0 as the dependent variable, the following 
empirical formulas are derived. 

Ed

H0
= b2ζ2 + b1ζ + b0 (9)  

where Ed is the maximum erosion thickness of dune; b∗ (* represents 
different subscripts) are the fitting coefficients. The quadratic poly-
nomial relationship in Fig. 16a indicates that too sparse vegetation cover 
may lead to more erosion for nature-based engineering design. Fig. 16b 
demonstrates that water depth and sandbar freeboard are important 
design considerations. This provides a scientific guide for ecological 
restoration projects. Meanwhile, this helps to explain the worst 
ecological degradation. When the vegetation cover area is reduced to a 
critical value, the erosion will be intensified and then the ecological 
environment degrades. These results also show that it is critical to 
conduct anthropogenic ecological restoration projects for eroded coasts. 

This study improves our understanding of the mechanism for the 
vegetation to influence the sandbar-lagoon systems and provides the 

Fig. 15. Correlations between (a) wave reflection coefficient Kr, (b) wave transmission coefficient Kt, (c) wave dissipation coefficient Kd and weighted vegetation 
density ϕw. G1 is the group with a freeboard Rc = 0, water depth d = 0.48 m and incident wave height of 0.16 m; G2 is the group with Rc = − 0.07 m, d = 0.55 m and 
incident wave height of 0.16 m; G3 is the group with Rc = − 0.07 m, d = 0.55 m and incident wave height of 0.21 m. 

Fig. 16. Correlations between the weighted vegetation density ϕw and the maximum erosion thickness of dune (a); relationship between ζ and relative erosion 
thickness Ed/H0 (b). G1 is the group with a freeboard Rc = 0, water depth d = 0.48 m and incident wave height of 0.16 m; G2 is the group with Rc = − 0.07 m, d =
0.55 m and incident wave height of 0.16 m; G3 is the group with Rc = − 0.07 m, d = 0.55 m and incident wave height of 0.21 m. 
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design guidance for nature-based coastal defense projects. The vegeta-
tion roots were not considered in this study since the uprooting did not 
occur, however, the enhanced erosion due to the oscillation of mimics is 
consistent with previous finding (Feagin et al., 2019) that more erosion 
at the sea-side margin of vegetation cover during high sea states. In 
addition, the influence of the annual growth cycle of vegetation (Paul 
and Kerpen, 2021) on the flora and fauna in sandbar-lagoon system is 
not well understood and not included in this study. On the other hand, 
short-term sediment disturbance regimes (Cao et al., 2018), shoot 
stiffness (Bouma et al., 2009) and wave attack (Silinski et al., 2018; Cao 
et al., 2020) have significant effects on seedling establishment. So 
interdisciplinary collaboration among geomorphologists, plant and 
environmental researchers is required to improve our understanding of 
the vegetated coastal system. 

5. Conclusion 

An experimental study of a sandbar-lagoon system was conducted to 
investigate how vegetation canopy influences wave propagation and 
transformation and the response of morphodynamic evolution to wave 
attack. A sandbar-lagoon bed profile, without and with vegetation 
canopy of different densities in sandbar, was investigated by nineteen 
tests of three groups in a wave flume. Experimental results indicated that 
the weighted vegetation density considering the distribution width in 
the direction of wave propagation has different relationship with the 
wave attenuation coefficient and the maximum erosion thickness of 
dune. 

A weighted density by the width of vegetation cover was presented 
and an empirical linear relationship between wave attenuation and a 
new parameter dependent on water depth and sandbar freeboard for the 
sandbar-lagoon system was provided. It was found that the wave 
attenuation increases with the rise of sandbar freeboard and the 
weighted vegetation density, and decreases with the fall of incident 
wave height. In addition, the wave reflection coefficient has a quadratic 
polynomial relationship with the vegetation density. The wave trans-
mission and dissipation coefficients have a negative and a positive linear 
relationship with vegetation density, respectively. There is an optimal 
vegetation density for the least wave reflection due to the quadratic 
polynomial correlation. 

The sea-side of sandbar crest is eroded more than the lagoon-side. 
The lagoon is almost always where the sand accumulates. The coastal 
fore-dune exhibits s-shaped scarp for the collision regime and upward 

concave scarp for the overwash regime. When overwash occurs more 
frequently than collision, it is easier to form a vertical shape of scarp due 
to wave run-up, which increases the wave reflection to some extent. The 
maximum erosion thickness is greater than the maximum deposition 
thickness, which indicates that the extent of deposition is larger in order 
to satisfy the mass conservation of sediment. The maximum erosion 
thickness of dune follows a quadratic polynomial relationship with 
vegetation density; therefore, too sparse vegetation cover may lead to 
more erosion. However, when the maximum erosion thickness of fore- 
dune is smaller, this relationship becomes linear. In general, water 
depth, wave height and sandbar freeboard are also important contrib-
uting factors to wave attenuation, apart from vegetation density. These 
relationships provide a scientific guide for green coastal defense and 
coastal ecological restoration projects, especially in the sandbar-lagoon 
system. 
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Appendix. Physical model scaling 

Light-weight resin sand with a median particle size of 0.15–0.18 mm and density of 1.40–1.45 g/cm3 were selected so that the average particle size 
of 0.17 mm and density of 1.43 g/cm3 were used in the following scaling analysis. According to the field measurements near Qilihai lagoon, the 
average particle size was 0.12 mm at the study area. The area within 1 km seaward from the tidal inlet with a particle size from 0.08 mm to 0.32 mm 
was simulated by the present flume experiment. 

Shields and Rouse scaling were adopted to ensure the sediment transport similitude between the prototype and the physical model, Froude number 
similitude is used to down scaling the prototype hydrodynamics to the physical model hydrodynamics. Froude number F (A1), critical Shields number 
ψc (A2), critical bed shear stress τc (A3), wave friction coefficient fw (A4), relationship between ψc and dimensionless grain size D∗ (A5), Rouse number 
Rou (A8) and settling velocity ωs (A9) are used in the scaling. The Froude number is given by 

F =
πHs

T
̅̅̅̅̅
gh

√ (A1)  

where Hs is the significant wave height; T is the wave period; h is the water depth; g is the gravitational acceleration, which is 9.81 m/s2. The critical 
Shields number is given by 

ψc =
τc

(ρs − ρ)gD
(A2)  

Where ρ is the water density; ρs is the sediment grain density; D is the sediment grain size; the critical bed shear stress τc is dominated by the wave 
contribution (Zou 2004), i.e., 
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τc = τw =
1
2

ρfwU2
w (A3) 

where Uw is the wave orbital velocity amplitude at sea bed; fw is the bed friction factor. In this study, the vegetation zone with lower water depth 
where the profile change depends largely on wave breaking, therefore, the rough-bed wave friction factor was adopted (Zou and Hay 2003), 

fw = 0.237
(

A
ks

)− 0.52

(A4)  

where A = UwT
2π is the orbital amplitude of wave motion at the bed; ks is the Nikuradse equivalent sand grain roughness which is 2.5 times the grain 

diameter. The critical shields number ψc is related to the dimensionless grain size D∗ by 

D∗ = D
[
(s − 1)

g
v2

]1/3

ψc =
0.30

1 + 1.2D∗

+ 0.055[1 − exp(− 0.02D∗)]

(A5)  

where s = ρs/ρ is the ratio of density of grain and water which is between 2.0–8.0 according to the prototypical sediment grain size of 0.08–0.32 mm. 
For this grain size range, the relationship (A5) was re-fitted linearly over a logarithmic scale with a determination coefficient of 0.998. Accordingly, 
Equation (A5) reduces to 

ψc = 0.14D− 0.66
∗ (A6) 

Combining Equations (A1) to (A6), scale factor is obtained 

λl = λ1.62
s− 1 λ− 0.38

D (A7)  

where the scaling factor λ related the variable in prototype to its physical model value; λ s-1, λ D and λ l is the scaling factor of sediment incipient motion 
relating the scales of submerged relative density s－1, sediment grain size D and length l, respectively. According to the chosen model sand of light- 
weight resin sand, different prototype grain size could be obtained. Considering the flume size and incident wave condition, we chose the length scale 
of λl = 10. Accordingly, the model sand grain size of 0.17 mm is corresponding to the prototype size of 0.12 mm, which is in the range of 0.08–0.32 
mm. The Rouse number represents the ratio between settling velocity and turbulent velocity i.e., 

Rou=
ωs

u′ (A8)  

where u′

= 2πκ
̅̅̅̅̅̅̅̅̅̅
fw/2

√
A/T is the turbulence velocity; κ = 0.40 is the von Karman’s constant; the sediment settling velocity ωs ≈ 0.0057 − 0.047 m/s of 

model sand was given by 

ωs =
(s − 1)gD2

18ν , 0.001mm＜D ≤ 0.1mm (A9a)  

ωs =
10ν
D

[(

1 +
0.01(s − 1)gD3

ν2

)0.5

− 1

]

, 0.1mm＜D＜1mm (A9b)  

For the grain size of model sand of 0.17 mm, the settling velocity of 0.0058 m/s can be obtained from (A9). Rouse number varies with wave parameters 
as well. According to Equation (A1), (A4) and (A8), the scaling factor of settling velocity ω, grain size D and length l was related to each other by the 
combining scales of sediment settling similitude and hydrodynamic similitude as 

λω = λ0.24
l λ0.26

D (A10) 

For a length scale of 10, the model sand grain size of 0.17 mm, and settling velocity of 0.0058 m/s, the prototype sand grain sizes of 0.10 mm (A9a) 
and 0.11 mm (A9b) were determined and they were all in prototypical sand size range. In summary, the length scale of 10 was selected for the present 
study, with the wave height scale of 10 and wave period scale of 

̅̅̅̅̅̅
10

√
. 
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Rupprecht, F., MöLler, I., Paul, M., Kudella, M., Spencer, T., van Wesenbeeck, B.K., 
Wolters, G., Jensen, K., Bouma, T.J., Miranda-Lange, M., Schimmels, S., 2017. 
Vegetation-wave interactions in salt marshes under storm surge conditions. Ecol. 
Eng. 100, 301–315. 

Ruessink, B.G., van den Berg, T.J.J., van Rijn, L.C., 2009. Modeling sediment transport 
beneath skewed asymmetric waves above a plane bed. J. Geophys. Res. Oceans 114, 
C11021. 

Sallenger, A.H., 2000. Coastal of Florida summer storm impact scale for barrier islands. 
J. Coast Res. 16 (3), 890–895. 

Silinski, A., Schoutens, K., Puijalon, S., Schoelynck, J., Luyckx, D., Troch, P., Meire, P., 
Temmerman, S., 2018. Coping with waves: plasticity in tidal marsh plants as self- 
adapting coastal ecosystem engineers. Limnol. Oceanogr. 63 (2), 799–815. 
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