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ARTICLE INFO ABSTRACT

Keywords: Salt marshes play a crucial role in mitigating coastal flooding by wave attenuation. However, widespread
Scirpus mariqueter degradation of these natural barriers due to human activities has exacerbated the hazards associated with large
Salt marsh

waves during typhoon events. This study presents field observations of wave dynamics and salt marsh charac-
teristics conducted in Chongming Dongtan, located in the Changjiang estuary, in September 2022 under varying
weather conditions. The objective was to investigate wave variations over the Scirpus mariqueter salt marsh. The
results show that the average wave attenuation during Typhoon Muifa was 6% lower than that under normal
wave conditions. Additionally, the maximum significant wave height experienced a 19% reduction in attenuation
during Muifa compared to normal wave conditions. Insufficient wave attenuation was attributed to deeper water
depths. Furthermore, the drag coefficient was lower during typhoon events, likely due to prolonged inundation
durations and larger vertical gaps between the water surface and the top of the Scirpus mariqueter. This study
highlights the important role of Scirpus mariqueter in dissipating waves during typhoon events and provides a

Typhoon muifa
Drag coefficient
Wave attenuation

theoretical basis for wetland conservation and coastal ecological security.

1. Introduction

Salt marshes are highly valuable ecosystems that act as natural
buffers against storms at the land-sea interface, provide habitats for
intertidal species, and offer significant economic and recreational ben-
efits to humans (Mariotti and Fagherazzi, 2010). However, rising sea
levels and intensified storm surges due to global warming have led to
significant losses of salt marsh wetlands (Kirwan and Megonigal, 2013).
Typhoons not only cause severe erosion in salt marshes but also result in
permanent structural damage to these ecosystems (Leonardi, 2021). The
frequency of typhoons impacting East and Southeast Asia has increased
by 12-15% over the past 40 years, further accelerating the degradtion of
tidal flats (Deegan et al., 2012; Mei and Xie, 2016).

Salt marshes naturally attenuate wave energy, and their loss am-
plifies the risk of inundation from typhoon-induced waves in coastal
areas (Kearney and Stevenson, 1991; Jadhav et al., 2013; Moller et al.,
2014; Stark et al., 2015; Gracia et al., 2018; Nordio and Fagherazzi,
2022). For instance, wave attenuation rates of 0.63% per meter have

been recorded over Spartina alterniflora salt marsh (Paquier et al., 2017),
which increased to 1.49 %/m with larger incident waves (Zhang et al.,
2020a). The wave attenuation rate along mangroves is around 0.50 %,/m
(Zhang et al., 2022b), while the Bulrush salt marsh demonstrated an
attenuation rate of 1.31 %/m (Zhang et al., 2022a). Understanding wave
propagation over salt marshes during typhoons is essential for devel-
oping effective coastal defense strategies through ecological engineering
(Zhang et al., 2022a).

Several studies utilizing field observations (Jadhav et al., 2013),
laboratory experiments (Augustin et al., 2013; Xu et al., 2022), and
numerical simulations (Smith et al., 2016) have demonstrated the sig-
nificant impact of vegetation on wave attenuation, specifically
regarding how salt marshes mitigate wave energy generated by ty-
phoons. During wave propagation, salt marshes enhance turbulent en-
ergy dissipation (Temmerman et al., 2013) and facilitate the
transformation of wave energy into potential energy (Moller et al., 1999,
2014; Van Loon-Steensma, 2015). Vegetation disrupts water flow,
resulting in reduced flow velocity and wave height(Van Proosdij et al.,
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2000, 2006). Furthermore, salt marshes have been shown be more
effective in wave dissipating during typhoon events compared to normal
wave conditions (Temmerman et al., 2005; Neumeier and Amos, 2006).

The effectiveness of salt marshes in wave attenuation is influenced by
various vegetation characteristics (Paul et al., 2012; Mendez and Los-
ada, 2004; Spencer et al., 2016; Marsooli et al., 2017; Willemsen et al.,
2020). Specifically, salt marsh stems with higher stiffness tend to
oscillate during wave cycles (Luhar et al., 2010). However, these flexible
stems can bend at larger angles, forming a protective layer over the
seabed that may reduce their effectiveness in damping water flow (Paul
et al.,, 2016). Moreover, the movement of vegetation stems leads to
decreased wave attenuation as wave energy increases (Bouma et al.,
2005; Riffe et al., 2011). While rigid vegetation may provide superior
wave attenuation (Silinski et al., 2015), it is also more susceptible to
breakage under intensive hydrodynamic forces (Puijalon et al., 2011;
Heuner et al., 2017).

Most existing studies have primarily investigated changes in wave
attenuation in salt marsh vegetation through laboratory experiments
and numerical simulations (Chen and Zhao, 2012; Chong et al., 2021;
Ma et al., 2023). However, laboratory experiments often face spatial
constrains, and the results obtained from the numerical simulations can
lack realism (Beena et al., 2019; Garzon et al., 2019). Moreover, field
observations have predominantly focused on wave attenuation under
normal conditions, largely due to challenges in data collection during
extreme weather events (Mazda et al., 2006; Jadhav et al., 2013).

While substantial research has been dedicated to wave attenuation in
salt marshes (Zhou et al., 2022; Wei et al., 2022), few studies have
specifically investigated wave propagation in Scirpus mariqueter salt
marshes, particularly under extreme weather conditions. Scirpus mar-
iqueter, as a native vegetation species in China, plays an important role
in wave attenuation within the salt marsh of Chongming Dongtan in the
Changjiang estuary. Therefore, the present study aimed to deploy an
instrumented transect with four stations across the Scirpus mariqueter
salt marsh in Dongtan to analyze wave attenuation. This study aims to
deploy an instrumented transect with four stations across the Scirpus
mariqueter salt marsh in Dongtan to analyze wave attenuation. The
primary objectives are to: 1) explore the wave attenuation process over
the Scirpus mariqueter salt marsh under both normal conditions and
during typhoon events, and 2) identify potential factors influencing
wave attenuation in this ecosystem. This research is crucial for under-
standing wave propagation dynamics within Scirpus mariqueter salt
marshes in estuarine regions and their role in mitigating wave impacts.
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2. Methods
2.1. Study area

Dongtan, located in the Changjiang estuary, is the world’s largest
alluvial island (Fig. 1B). This region has experienced significant eco-
nomic losses due to the impacts of large waves generated by typhoons
(Zhang et al., 2020b). Covering approximately 1267 km?, Dongtan ac-
counts for approximately 20% of Shanghai’s land area. The extensive
intertidal zone spans 5.1 km in width from north to south and 10.8 km in
length from east to west, covering roughly 42 km? (Mi et al., 2022). The
salt marshes in this area are predominantly composed of clay with a
grain size of 15 pm, while the mudflat primarily consist of clay with a
grain size of 35 ym (Gorenc et al., 2004). Internal tides observed around
Chongming Island exhibit irregular semidiurnal patterns, with wave
height decreasing progressively from the entrance towards the interior,
ranging from 0.4 m to 0.9 m (Lou et al., 2022). The intertidal zone of
Dongtan supports a diverse array of salt marsh species, including
Bulrush, Scirpus mariqueter, and Spartina alterniflora (Yang et al., 2008).
Scirpus mariqueter, a native species characterized by three leaves, is
widely distributed in the northern region of Chongming Island and plays
a vital role in attenuating wave energy, thereby enhancing the island’s
resilience.

2.2. Typhoon muifa

Severe Typhoon Muifa (No. 2212) originated in the northwest Pacific
Ocean on September 8, 2022, with a center wind speed of 18 m/s. It
moved north by west at a speed of 10-15 km/h. Muifa made its initial
landfall in Zhoushan at 20:30 on September 14, reaching a maximum
center wind speed of 42 m/s. It made a second landfall at 0:30 on
September 15 on the coast of Fengxian, Shanghai, with a wind speed of
35 m/s and a forward motion of 20-25 km/h (Fig. 1A). Chongming Is-
land was affected by Typhoon Muifa from September 13 to 15, coin-
ciding with a middle tide period. Wind intensity peaked at 30 m/s, and
total precipitation ranged from 100 mm to 200 mm.

2.3. Field observation
A transect with a slope of 0.004 was set up on the tidal flat in the
northern salt marsh of Chongming from September 7 to 17, 2022,

approximately 630 m from the seawall (Fig. 1D). Wave breaking was not
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Fig. 1. (A) Map of Chongming Dongtan with its location in relation to China and typhoon path, (B) study area in relation to Chongming Island, North branch, North
channel and Changxing Island, (C) stations on the Scirpus mariqueter tidal flat, (D) elevation in relation to the mean sea level (MSL) of the cross-shore transects with
relative distance from seawall. Tidal water levels are indicated on the right axis (MHWS, mean high water level at spring tide; MHWN, mean high water level at neap

tide; MLWN, mean low water level at neap tide).
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considered in this study (Moller et al., 2014). This study involved four
fixed observation stations to collect data on wave characteristics, water
depth, and vegetation during both lunar tides and Typhoon Muifa. The
four stations were positioned perpendicular to the seawall (Fig. 1C) at
specific locations within the marsh ecosystem: SA (121° 5411 "E, 31°
35’36 " N) represented the inner marsh, SB (121° 54’17 "E, 31°35'41"
N) represented the marsh center, SC (121° 54 ' 28 " E, 31° 35’ 46 " N)
represented the marsh edge, and SD (121° 54’30 "E, 31° 35' 48 " N)
represented the marsh front. The linear distance from the coast to the
stations (SA, SB, SC, SD) were 0 m, 221m, 513m, and 626m, respectively
(Fig. 1D). To measure water depth, a depth logger (T-wave) and a tide
and wave recorder (RBR-SOLO®) were installed approximately 10 cm
above the mud surface (Fig. 2). Wave measurements were conducted in
bursts of a 15-30-min duration to adequately capture wave character-
istics (Holthuijsen, 2007). Given the battery and storage capacity of the
instrument, total pressure was recorded continuously at a frequency of 4
Hz, capturing data for 512s every 30 min. In addition to wave and water
depth measurements, seven investigation zones (SA, S1, SB, S2, SC, S3,
SD) were selected along the transect to quantify vegetation parameters.
Four zones were located near the established stations, while three zones
were positioned between adjacent stations (Fig. 1C). The seven mea-
surement areas were distributed seaward, perpendicular to the shore-
line, with each zone encompassing an area of Im x 1 m. To facilitate
measurement, each zone was divided into four sections. Within each
zone, vegetation height was measured 4 times, and density of vegetation
was assessed 2 times. The relatively uniform vegetation within the
measurement areas allowed for an accurate representation of the
vegetation conditions in the study area.

2.4. Wave attenuation calculation

The wave height was calculated from the pressure energy spectrum
Sp(f) using a fast Fourier transform considering 2048 components with
30-min windows. Then the pressure energy spectrum was converted into
the water surface elevation spectrum Ss(f) using linear wave theory.

[ cosh(kd) \?
50 ~{zos ki r a1 5 @

Where k is the wavenumber (k = 2z/L, L is the wavelength), f is the
frequency, z is the depth at which the sensor is located, d is water depth.

my is the variance of the one-dimensional water surface elevation
spectrum S (f)

i = / " s(f)df(n=0,1,2.3,4) @
0

Thus, the significant wave height (Hs) was calculated as

Hs = 4.04\/m, ©)

Wave attenuation models were initially applied widely in deep-sea
environments. With advancements in technology and theoretical un-
derstanding, these models have increasingly been utilized in tidal flats
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(Moller et al., 1999; Foster-Martinez et al., 2018). Although wave
propagation is directional in both shallow and deep-water conditions, it
approaches tidal flats nearly perpendicular to the shoreline (Latapy
et al., 2019). In this study, the profile was arranged perpendicular to the
shoreline to align with the direction of wave propagation The wave
energy attenuation model takes into account factors such as refraction,
attenuation, and breakage that occur during wave propagation, allowing
for the calculation o wave energy attenuation (Kobayashi et al., 1993;
Moller et al., 1999). Equations (1)-(3), proposed by Battjes and Janssen
(1978) were used to calculate wave height and energy attenuation:

1
E=Fx+Ep :gng2 4
AH 1
rlfﬁA—x 5)
AE 1
2="—
"“TF ax ©)

where E is the wave energy, Ex is the wave kinetic energy, Ep is the wave
energy potential energy, p is the density of seawater, g is the acceleration
of gravity, and H is the wave height. r1 is the wave height attenuation
rate, m~!, r2 is the wave energy attenuation rate, J-m~!, H is the wave
height of SD; AH is the wave height difference between two stations; E is
the wave energy of SD, AE is the difference in wave energy between two
stations, and Ax is the distance between two points.

2.5. Calculation of drag coefficient

Based on Bretschneider’s bottom friction formula for wave attenua-
tion in shallow water without vegetation, a resistance coefficient can be
obtained, which can be applied to the entire nearshore water depth re-
gion. This formula is used to estimate the resistance coefficient. The
attenuation caused by bottom friction in shallow water can be obtained
by Bretschneider et al. (1954):

Hy 1

o )

=3
2 .
1+ %CDHl Ax (smh ZT”")

where H; and H;, are the wave heights of SD and SA, respectively, and Ax
is the distance between two observation points. h is the average water
depth between two observation points, T is the wave period, L is the
wavelength, g is the gravitational acceleration, K; is the shallow water
coefficient, Cp is connected with bottom shear force 7, and the rela-
tionship of Cp and 7 can be defined as:

1

7==Cppu? (8)
2

where p is the density of seawater and u is the current velocity in the

direction of wave propagating. Although the above formulas were often
used on the tidal flat without vegetation, they were also adapted to the

Fig. 2. The instrument placement, which includes (A) RBR-SOLO?® at the inner marsh (SA), (B) T-wave at the marsh center (SB), (C) RBR-SOLO® at the marsh edge

(SC), and (D) T-wave at the marsh front (SD).
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salt marsh with the development of the subject (Bryant, 1979; Young
and Gorman (1995); Zhou et al., 2022). Just as Mazda et al. (1997)
proposed the following:

H, 1

= (C)]
Ho 1+ c??z”\f/lilifzx

Therefore, the resistance coefficient Cp can be derived from Equation
(10):

32v2 h® (H;
Cp= . St | 10
"7 HiAx (Hz ) (10)
3. Results

3.1. Spatial variation in Scirpus mariqueter density and height

In the present study, the transect spanning a 600 m-wide Scirpus
mariqueter salt marsh and a 30 m-wide mudflat was established from
station SA to station SD (Fig. 1D). The average density of Scirpus mar-
iqueter ranged from O stems/m? at SD to 2080 stems/m? at SA (Fig. 3).In
contrast to the vegetation density, the vegetation height initially
decreased before increasing within the salt marsh, with heights recorded
ranging from 0 m to 0.66 m (Fig. 3). Station SD, located in the lower tidal
flat, exhibited no vegetation. Station S3 featured Scirpus mariqueter
vegetation with an average height of 0.57 + 0.10 m and a density of 416
+ 80 stems/m?. Station SC displayed a distribution of Scirpus mariqueter
with an average density of 1136 + 208 stems/m? and an average height
of 0.66 + 0.07 m. At station S2, the vegetation height was 0.49 + 0.05 m,
with a density of 1792 + 240 stems/m2 As waves propagated from
station SB towards station SA, the vegetation density increased from
1856 + 288 stems/m? to 2080 + 208 stems/m? and the height of these
marshes rose from 0.36 4+ 0.05 m to 0.56 4 0.05 m. At site S1, the
average density of Scirpus mariqueter was 1888 + 256 stems/m?, with a
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corresponding height of 0.41 + 0.06 m.
3.2. Impact of typhoon muifa on water depth and wave characteristics

During normal wave conditions, the maximum water depth exhibi-
ted a gradual decrease from 1.68 m to 0.55 m landward (Table 1). In
contrast, during Typhoon Muifa, characterized by a central air pressure
below 98 kPa and landfall in Dongtan at mid-tide, the maximum water
depth significantly increased. Specifically, the maximum water depth
notably increased from 1.68 m to 1.84 m at site SD, from 1.44 m to 1.59
m at site SC, from 0.66 m to 0.86 m at site SB, and from 0.55 m to 0.77 m
at site SA. Similarly, the average water depth also increased due to the
impact of Typhoon Muifa, with values rising from 0.63 m to 0.82 m at
site SD, from 0.53 m to 0.66 m at site SC, from 0.25 m to 0.30 m at site
SB, and from 0.25 m to 0.30 m at site SA.

Moreover, the duration of the tide exhibited a similar trend to that of
wave height. Under normal wave conditions, the average tide duration
at SA, SB, SC and SD was 3.00 h, 3.50 h, 4.85 h, and 5.14 h, respectively.
Typhoon Muifa extended the tide duration, resulting in average tide
duration of 3.25 h, 4.20 h, 5.75 h and 6.17 h at SA, SB, SC and SD,
respectively (Table 1). Significant attenuations in both maximum and
average wave height (Hs) and energy (E) were observed along the
transect during different periods (Table 1). During Typhoon Muifa,
maximum Hs and E experienced attenuation of 80% and 95%, respec-
tively, from SD to SA, with maximum values recorded at SD of
approximately 0.71 m for Hs and 624.60 J/m? for E. Similarly, average
Hs and E decreased by 92% and 99%, respectively, from SD to SA. In
contrast, under normal conditions, maximum Hs and E showed attenu-
ation of 99% and 100%, respectively, from SD to SA, with higher values
recorded at SD—around 0.34 m for Hs and 146 J/m? for E. Similarly,
average Hs and E attenuated by 98% and 100%, respectively, from SD to

SA.
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Fig. 3. Distribution of Scirpus mariqueter along the transect. (A) Green line is the height of vegetation of each investigation zone. (B) Yellow line is the density of
vegetation of each investigation zone. The Error bars exhibit the error measurement of vegetation height. “SA” “SB” “SC” and “SD” represent the stations of inner
marsh, marsh center, marsh edge and marsh front, respectively. “S1” “S2” and “S3” represent the stations between inner marsh, marsh center, marsh edge and marsh

front, respectively.
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Table 1
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The hydrodynamic change along the transect, h exhibits the water depth during different period, Hs represents the significant wave height during different periods, and

E displays the significant wave energy during different period.

Date Point Tide duration (h) Inundation duration (h) h (m) Hs (m) E@/m?)
Ave. Max Ave. Max Ave. Max
Normal wave a 3.00 0 0.25 0.55 0.00 0.00 0.01 0.01
b 3.50 0.50 0.25 0.66 0.00 0.01 0.01 0.12
c 4.85 1.58 0.53 1.44 0.03 0.16 0.81 33.00
d 5.14 2.27 0.63 1.68 0.11 0.34 13.97 146.06
Spring tide a 2.33 0.21 0.26 0.55 0.00 0.00 0.01 0.01
b 3.75 0.70 0.27 0.66 0.00 0.01 0.01 0.12
c 5.33 2.41 0.69 1.44 0.04 0.16 2.00 33.00
d 5.42 3.25 0.86 1.68 0.14 0.34 25.64 146.06
Muifa a 3.25 0.50 0.30 0.77 0.02 0.15 0.63 27.06
b 4.20 1.20 0.30 0.86 0.03 0.17 0.92 35.42
c 5.75 2.83 0.66 1.59 0.13 0.52 19.23 336.62
d 6.17 3.58 0.82 1.84 0.27 0.71 91.37 624.65

3.3. Attenuation rates of wave height and energy under varying conditions

The wave propagation from station SD to station SA exhibited
distinct attenuation rates for wave height (r1) and wave energy (r2).
Under normal wave conditions, the average significant wave height Hs
at different stations revealed attenuation rates of r1 = 1.57 x 10~> per
meter and 72 = 1.60 x 1072 per meter from SD to SA (Fig. 5A and B). In
contrast, during Typhoon Muifa, the attenuation rates were r1 = 1.463
x 1073 per meter and r2 = 1.581 x 10> per meter. Notably, the
attenuation rates under normal wave conditions were 1.07 times greater
for r1 and 1.01 times greater for r2 compared to those observed during
Typhoon Muifa.

Similarly, during peak spring tide, the average Hs at different

stations exhibited attenuation rates of r1 = 1.59 x 10 m™ and r2 =
1.61 x 102 m™! from SD to SA (Fig. 5C and D). However, during peak
storm surge, the attenuation rates decreased to r1 = 1.30 x 10~ per
meter and r2 = 1.55 x 107> per meter, from SD to SA. Consequently, the
attenuation rates during peak spring tide were 1.23 times greater for r1
and 1.04 times greater for r2 compared to those during peak storm
surge, respectively.

Furthermore, comparison of maximum Hs at different stations during
normal wave conditions (Fig. 5E and F) revealed wave attenuation of r1
=1.58x1072 per meter and 72 = 1.60 x 1073 per meter, respectively.
In contrast, during Typhoon Muifa, these rates were reduced to r1 =
1.27 x 1072 per meter and r2 = 1.53 x 10~° per meter. Thus, the
attenuation rates during the normal wave conditions were 1.25 times
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Fig. 4. The figure describes (A) wave height and water depth at SA, (B) wave height and water depth at SB, (C) wave height and water depth at the SC, and (D) wave

height and water depth at SD.
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greater for r1 and 1.05 times greater for r2 compared to those during
typhoon Muifa, respectively.

Consequently, typhoon Muifa resulted in elevated water depth and
enhanced incident wave heights, with these parameters exhibiting
synchronous fluctuations (Fig. 4). As the water depth and incident wave
height ascended during Typhoon Muifa, r1 first increased and then
decreased (Figs. 6 and 7). Excessive water depth results in a vertically
large distance between the water level and vegetation crest, weakening
r1 and delaying the turning of r1 (Fig. 7). In detail, r1 varied when the
incident wave height reached 0.15 m during Typhoon Muifa (Fig. 7A-C),
while r1 decreased before the incident wave height reached 0.1 m
during normal wave conditions (Fig. 7B-D).

3.4. The drag coefficient under varying conditions

Inundation duration significantly affected the decrease of the drag
coefficient (Cp) during the typhoon. The duration of inundation during
Muifa was 0.5 h longer than that observed under normal wave
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conditions in each tide cycle, with deviation exceeding 1.2 h at the
marsh front SD and marsh edge (Table 1). As a result, Cp remained low
for an extended period during Muifa, substantially diminishing average
wave attenuation (Fig. 9). Moreover, the duration in which that Scirpus
mariqueter was not submerged during Muifa was longer than that of the
normal wave conditions, leading to lower Cp, values initially (Fig. 9A).

Specifically, during Typhoon Muifa, Cp exhibited a transition from
linear increase to an exponential decrease as water depth reached
approximately 80% of the height of Scirpus mariqueter from the marsh
front SD to the marsh edge SC (Fig. 7A). In contrast, from the marsh edge
SC to the marsh center SB, the water depth needed to exceed 60% of
vegetation height to achieve similar changes (Fig. 9B and 6B). Under
normal wave conditions, the transition of Cp and wave attenuation
required a greater inundation threshold, with water depth needing to
exceed 20% of vegetation height from the marsh front SD to the marsh
edge SC (Fig. 9C and 6C). In this context, the growth trend of Cp
remained consistent despite changes in inundation state from SC to SB
(Fig. 9D and 6D).

x10°
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Normal wave conditions Muifa

Wave energy attenuation rate (m')

=3
10><10

Wave energy attenuation rate (n1')
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Peak spring tide Peak storm tide
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Fig. 5. Wave attenuation rate for (A) average Hs, (B) average E, (C) peak Hs, (D) peak E, (E) maximum Hs, (F) maximum E. Green bars are the rate along the transect
from SD to SA, yellow bars are the rate along the transect from SD to SC, blue bars are the rate along the transect from SC to SB, and yellow bars are the rate along the

transect from SB to SA.
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4. Discussion
4.1. Couplings between water level and wave height

When waves propagated during typhoons, a larger portion of energy
was dissipated, owing to the topographic slope and relative water depth
(Woodroffe, 2003; Whittaker et al., 2017). In the context of salt marshes,
the influence of slope on wave attenuation is relatively minor compared
to the effect of the vegetation and relative water depth, particularly
when the tidal flat had a minimal gradient (Moller et al., 1999; Wil-
lemsen et al., 2020). Given that the gradient observed in this study was
only 0.004, the role of slope in wave attenuation was not further
examined. However, the differences in incident wave height and water
depth emerged as significant factors affecting wave attenuation within
the salt marsh (Nepf and Vivoni, 2000; Maza et al., 2015; Rupprecht
et al., 2017).

Generally, the larger incident wave height during Typhoon Muifa
achieved the same effect during normal wave conditions. Moreover, the
increase in incident wave height led to apparent changes in wave
attenuation (Willemsen et al., 2020), which advanced the turning of r1
(Fig. 6). Particularly from SC to SB, the trend of r1 changed at a water
depth of approximately 0.5 m during Typhoon Muifa (Fig. 6C). How-
ever, r] maintained a level after a water depth of approximately 0.7 m

during normal wave conditions (Fig. 6D).

While the rise in water depth hindered wave attenuation during
Typhoon Muifa, concomitant increase in incident wave height mitigated
the negative impact of water depth on wave attenuation, as observed in
Nepf and Vivoni (2000) and Maza et al. (2015) as well. It is important to
note that the effects of wave attenuation are not unlimited with
increasing water depth and incident wave height. as there are limits to
the influence of vegetation on wave attenuation. Therefore, further
investigation into the drag coefficient and the inundation state of
vegetation is warranted to enhance understanding of wave attenuation
process (Moller et al., 2011).

4.2. Inundation state of Scirpus mariqueter on wave attenuation

Salt marsh vegetation dissipates wave energy primarily through the
drag coefficient Cp generated by its roots, stems and leaves (Marsooli
and Wu, 2014). The magnitude of Cp is influenced by various factors,
including vegetation height, density, and submergence state (Massel
et al., 1999; Horstman et al., 2014; Foster-Martinez et al., 2018; Devi
et al., 2021). In general, the attenuation rate r1 is related to Cp across
different inundation states (Suzuki et al., 2008). Prior to the submer-
gence of Scirpus mariqueter (Fig. 8B), both Cp and rl increased in
response to the rising water levels (Figs. 6 and 9). However, once Scirpus
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mariqueter became submerged (Fig. 8C and D), both Cp and r1 rapidly
decreased as water depth continued to increase (Figs. 6 and 9).

Scirpus mariqueter is a flexible vegetation species capable of bending
to various degrees, which results in decreases in effective vegetation
height as bending increases (Kouwen, 1992). Consequently, the rela-
tionship between vegetation height and water depth is not constant
across different inundation stages (Fig. 8). Under equivalent submer-
gence conditions, spatial variations in Cp and r1 are influenced by
vegetation density (Suzuki et al., 2008). Near the inner marsh site SA,
increased vegetation correlated with higher Cp at the same vegetation
height (Fig. 6). During Typhoon Muifa, the same Cp, necessitated greater
vegetation density and height due to significantly increased incident
wave heights (Fig. 7).

The relationship between Cp under varying inundation states and r1
has been established in previous studies (Morison et al., 1950; Zhou
et al., 2022). Notably, r1 increased exponentially with the increase in Cp
(Fig. 10). When water depth is insufficient to fully submerge the vege-
tation, both Cp and rl1 are restricted due to the limited water flow
through the vegetation (Nepf and Vivoni, 2000). When the water depth

was excessive and beyond the top of vegetation, Cp also decreased
(Moller et al., 2011). Moreover, compared to the condition that the
Scirpus mariqueter was semi-submerged, Cp was lower for a longer time
when the Scirpus mariqueter was submerged, which resulted in a low r1
for some time (Figs. 9 and 10). This is why r1 during typhoons is lower
than during normal wave conditions, as the water level exceeds the top
of the vegetation for a longer duration during typhoons.

4.3. Wave attenuation effect of different salt marshes during the typhoon

Wave attenuation during typhoons is influenced by the vegetation
types present in intertidal zones. Moller et al. (2011) reported that low
salt marshes dominated by Scirpus mariqueter, exhibited relatively low
wave attenuation rates, with values of 0.09%/m at the vegetation
boundary and 0.13%/m within the salt marsh itself. In contrast, mud-
flats showed even lower wave attenuation rates of only 0.05%/m. A
significant increase in wave attenuation rates was observed when tran-
sitioning from mudflats to areas dominated by Scirpus mariqueter,
reaching up to 1.10%/m (Yang et al., 2008). Further transitions to zones
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dominated by Spartina alterniflora resulted in even higher attenuation
rates, with values soaring up to 2.74%/m (Yang et al., 2012). Notably,
Spartina alterniflora salt marshes exhibited attenuation rates of
1.34%/m and 1.49%/m at SC during storm surge events (Paquier et al.,
2017; Zhang et al., 2020b).

When comparing different vegetation types, rigid vegetation species
such as Bulrushes were found to dissipate waves more effectively than
both Scirpus mariqueter and Spartina alterniflora (Van Veelen et al.,
2020). Zhang et al. (2022a) reported wave attenuation rates of 2.15%,/m
at the edge of Bulrush salt marshes, reducing to 1.00%,/m within the salt
marsh. Mangroves, known for their coastal protection capabilities,
exhibited attenuation rates of 0.84%/m and 0.60%/m at their external
and internal zones, respectively (Zhang et al., 2022b). In the present
study, Scirpus mariqueter demonstrated lower rates of 0.24%/m and
0.23%/m at the boundary and internal zones, respectively, and only
0.05%/m at deeper regions during Typhoon Muifa (Table 2).

Considering the wave attenuation capabilities of various vegetation
types (Fig. 11), it is evident that Bulrush salt marshes exhibited the
highest attenuation rates, achieving a 60% reduction in wave height
reduction at 50 m from SC and a remarkable 98% reduction at a distance
of 200 m from the edge (Yang et al., 2012; Zhang et al., 2022a). In
comparison, Spartina alterniflora and mangrove salt marshes achieved
similar attenuation rates, with 98% wave height reduction at a distance
of 400 m from SC. These findings suggest that a Bulrush salt marsh
covering only one-third the width of a Scirpus mariqueter salt marsh
would achieve similar wave attenuation ratios. Furthermore, planting a
200 m-wide Bulrush salt marsh or a 300 m-wide Spartina alterniflora
salt marsh along the shore would result in substantial wave attenuation.

5. Conclusion

Salt marsh vegetation has attracted worldwide attention for its
capability to protect wetland ecosystems. This study investigated wave
attenuation in salt marshes under varying wave conditions through
hydrological observations conducted north of Chongming Dongtan. The
key findings are as follows.

1. Wave attenuation within the Scirpus mariqueter salt marsh exhibited
a gradual decrease landward Under normal wave conditions, the
marsh demonstrated a significant capacity for wave attenuation,
with significant wave height declined by 98%. However, during
Typhoon Muifa, the average significant wave height declined by
92%.

Table 2
The significant wave height and wave attenuation of different species in
different studies.

Distance Vegetation Hs Attenuation Reference
(m) species (m) (%/m)
0 Mudflat 0.36 Yang et al.
185 Mudflat 0.33 0.05 (2008)
201.5 Scirpus mariquter ~ 0.27 1.1
215 Spartina 0.17 2.74
alterniflora
0 Sandflat 0.67 Moller et al.,
220 Low salt marsh 0.56 0.07 2011
460 Low salt marsh 0.38 0.13
0 Mudflat 0.48 Yang et al.
27.5 Scirpus mariquter ~ 0.33 0.55 (2012)
68.5 Spartina 0.14 1.37
alterniflora
0 Mudflat 0.34 Paquier et al.
22 Spartina 0.24 1.34 (2017)
alterniflora
48 Spartina 0.15 1.44
alterniflora
127 Spartina 0.07 0.68
alterniflora
Mudflat 0.67
10 Spartina 0.57 1.49
alterniflora
0 Mudflat 0.57 Zhang et al.
140 Mudflat 0.28 0.36 (2022a)
187 Mangroves 0.17 0.84
304 Mangroves 0.05 0.6
0 Mudflat 0.26 Zhang et al.
25 Bulrush 0.12 2.15 (2022a)
50 Bulrush 0.09 1
0 Mudflat 0.71 This study
113 Scirpus mariquter ~ 0.52 0.24
405 Scirpus mariquter ~ 0.17 0.23
626 Scirpus mariquter ~ 0.15 0.05

2. Wave attenuation was primarily influenced by the effects of the
typhoon and the inundation state of the salt marsh. While Typhoon
Muifa increased the incident wave heights, the significant surge in
water levels created a greater distance between the vegetation crest
and the water level, thereby diminishing the wave attenuation ca-
pacity of Scirpus mariqueter. Meanwhile, wave attenuation increased
exponentially with increasing drag coefficients Cp, which were
influenced by the interplay of the inundation state and vegetation
density.
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3. During typhoon events, wave attenuation in the Scirpus mariqueter
salt marsh was predominantly constrained by vegetation height and
width. Remarkably, a Bulrush salt marsh covering only one-third of
the width of the Scirpus mariqueter salt marsh achieved a comparable
wave attenuation ratio. Therefore, it is recommended to consider the
establishment of a 200 m-wide Bulrush salt marsh on the inner side of
the study area as an effective defensive measure against typhoon
impacts.
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