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Abstract: Sand-mud transition (SMT) is an important boundary of the beach system,
and its location and evolution have been increasingly studied in recent years. This study
focuses on the location and migration of SMTs and their influencing factors on three
representative embayed beaches on the east coast of Zhujiajian Island, Zhejiang
Province, China, characterized by different levels of human interventions. Beach

topographies, surficial sediment characteristics and nearshore hydrodynamic data were
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obtained through three field campaigns carried out during the early, middle and late
stages of the 2019 typhoon season. This typhoon season included four typhoons with
nearshore significant wave height H, exceeding 3.71 m, and maximum H; of 6.77 m
(Super Typhoon Lekima). Results show that the three beaches were all impacted by the
high-energy wave conditions, although with some different behaviors. Sediments of the
three beaches all coarsened with worse sorting during the typhoon season, with the
nearshore surficial sediments showing similar patterns. The SMTs of the three beaches
were stable or migrated seaward during the typhoon season. During the typhoon season,
offshore SMT migration was positively correlated with the beach profile volumetric
loss at three embayed beaches in this study. The SMTs of beaches with less human
intervention are more stable during typhoon season. By including 12 additional
embayed beaches of eastern China in our analysis, we found that the SMT offshore
distance increases with increasing nearshore average significant wave height,
increasing headland offshore extent and decreasing tidal range. Our study suggests that
SMT is a relevant indicator of beach sediment stability, which can help to increase the
understanding of embayed beach dynamics and to guide coastal management and
planning during typhoon seasons at such embayed beaches.

Keywords: Embayed beaches; sand-mud transition (SMT); human intervention;

typhoon season; beach stability

1 Introduction

The concept of sand-mud transition (SMT) was first proposed by McCave (1972)

2
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and Stanley and Wear (1978) based on changes in the grain size of surficial sediments,
defined where the mean grain size is 63 pum (4®) or the mud content is 25%. The
differences in the biological, physical, geological, and chemical processes between its
two sides make the SMT a particularly important boundary (George et al., 2007).
Generally, all coasts have one or more SMTs while progressively moving offshore, but
their offshore distance and water depth vary considerably in different seas (George and
Hill, 2008). The location of the SMT and its water depth are closely related to the
hydrodynamic forcing (Dunbar and Barrett, 2005; George and Hill, 2008; Stanley and
Moore, 1983), sediment supply (Chang et al., 2017; Edwards, 2002; George and Hill,
2008; Zhao et al., 2020a), and beach morphological changes (Zhao et al., 2020b).

Sandy coasts account for approximately 31% of the global ice-free coasts and have
high socio-economic and ecological values (Luijendijk et al., 2018). Previous studies
on beach morphodynamics mainly focused on storm-driven beach erosion (Ge et al.,
2017; Qi et al., 2010), beach equilibrium planform (Castelle et al., 2020; Dai et al.,
2007; Lietal., 2021; Lopez et al., 2020), beach responses to human interventions (Cai
et al., 2011; Castelle et al., 2009; Chiva et al., 2018; Cooke et al., 2012; Hamm et al.,
2002; Hanson et al., 2002; Luo et al., 2016) or beach stability (Hudson and Baily, 2018;
Liu et al., 2019). The SMT is closely related to beach morphodynamics, and its
landward migration (Zhao et al., 2020a) has gradually attracted the attention of coastal
managers and researchers.

Earlier SMT research focused on the location and depth of SMT and their

influencing factors. SMT locations detected at the Monterey Bay in the United States
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showed the contrasting effects of storm- versus fluvial-dominated conditions on
sedimentation (Edwards, 2002). Then, a more comprehensive study about SMT water
depth and hydrodynamic conditions in different regions showed that change in SMT
depth is mainly controlled by wave-induced bottom shear stress and a functional
equation for estimating the SMT water depth using wave energy (Dunbar and Barrett,
2005). Controls on SMT depth were hypothesized using a large number of wave data
on 14 sites around the world (George and Hill, 2008). The dynamic changes of
sediments and topography of Dongsha beach at Zhujiajian Island, Zhejiang Province,
China suggested that the SMT migrates seasonally, which was the first research on SMT
migration in China (Cheng et al., 2014). Meanwhile, there are a large number of studies
focusing on the SMT of sandy-muddy beaches. Different geomorphological stages of
the sandy-muddy beaches with various SMT migrations are closely related to the
enrichment of fluvial sediment and nearshore mud near the Amazon River estuary
(Anthony et al., 2002; Anthony and Dolique, 2004), which was also confirmed on the
west coast of North Korea (Chang et al., 2017). Changes in SMT depth of sandy-muddy
beaches are mainly controlled by nearshore waves (Xu et al., 2018) and sediment supply
(Zhou et al., 2019). The distribution and migration of SMT on sandy-muddy beaches in
different estuaries and bays in southeastern China were further summarized by Zhao et
al. (2020a, 2020Db).

In the past few decades, approximately 50% of China’s sandy coasts have been
degraded due to erosion (Third Institute of Oceanography, 2010), and numerous

protection practices have been implemented on beaches (Cai et al., 2011; Kuang et al.,
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2019; Luo et al., 2016). The Zhoushan Archipelago is a popular tourist destination of
Zhejiang Province, China, with more than 30 embayed beaches, of which the beaches
on the east coast of Zhujiajian Island, are particularly famous (Xia, 2014). Typhoon is
a common coastal disaster that affects the Zhoushan Archipelago, with an average of 6
typhoons per year (Lu, 2010), which has a significant impact on beach morphology and
even threatens the tourism industry. The period from July to September each year is
called the typhoon season, accounting for about 93% of the total number of yearly
typhoon landfalls (Wang et al., 2011). However, the distribution and migration of SMTs
on embayed sandy beaches during the typhoon season and their response to changes in
beach morphology are still unclear, especially when they are also potentially affected
by human activities.

In this study, three embayed sandy beaches (Dashali, Dongsha, and Qiansha) on
the east coast of Zhujiajian Island, which are exposed to frequent storms and different
human interventions, are studied. Changes in beach morphology and sediment
characteristics during the 2019 typhoon season are analyzed. The temporal and spatial
evolution of SMTs of embayed sandy beaches are explored and their driving factors are

discussed.

2 Regional setting
The Zhujiajian Island is the fifth largest island in the Zhoushan Archipelago,
Zhejiang Province, China (Fig.1a), with a land area of 62.2 km? and a 79.2-km long

coastline (Xia, 2014). The embayed beaches on the east coast of Zhujiajian Island are
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famous tourist destinations in China, of which Dashali, Dongsha, and Qiansha are
representative beaches with different degrees of wave exposure and human
interventions.

Dashali beach is located in the north of Zhujiajian Island, with a length of about
900 m and headlands at both ends extending approximately 600 m offshore (Fig. 1c).
The Dashali beach slope ranges from 2.2% to 2.8%, with an average slope of 2.4%.
Although there is a seawall backing Dashali beach, this beach still has well-preserved
vegetated dunes. The median sediment grain size (Dso) is between 2.12 ® to 2.74 O,
and the sediment is mainly composed of fine sand.

Dongsha beach is a 1500-m long embayed sandy beach, with two headlands
extending approximately 1350 m offshore (Fig. 1d). Beach slope ranges along the coast
from 2.9% to 3.5%, and surficial sediment D5 is between 1.4 @ to 2.74 ®. There were
sand dunes at the back of the beach before 2012. The completion of the seawall in 2012
broke the balance of cross-shore sediment (Cheng et al., 2014), which further led to the
disappearance of the dunes. The construction of seawalls and frequent storms resulted
in dominant beach erosion for years (Guo et al., 2018). In order to fight against storm-
driven erosion and increase the dry beach area, beach nourishments have been
performed with a total of 52,000 m® placed on Dongsha beach between 2016 and 2017,
with large impact on beach processes (Guo et al., 2020).

Qiansha beach is adjacent to the south side of Dongsha, with a total length of about
1200 m, with headlands extending approximately 800 m offshore (Fig. 1¢). Beach slope

varies alongshore from 1.6% to 2.9%, gradually decreasing southwards, with an



133 average of 2.2%. The beach is backed by cliff, with a few vegetated sand dunes. The
134  surficial sediment Dsy is between 2.18 @ to 3.18 @. Amongst the three studied beaches

135  Qiansha beach is the only natural beach without any coastal engineering work.
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137  Fig.1 Sketch of study area: geographical locations of Zhuajiajian Island (a), tidal gauge
138  and buoy (b), Dashali beach (c), Dongsha beach (d), and Qiansha beach (e). The black
139  lines in (c, d, €) show the typical profile locations on each beach. The satellite image

140  was downloaded from Google Earth.
141 3 Materials and methods

142 3.1 Hydrodynamic data

143 The typhoon information was obtained from the National Meteorological Center

144  of China (http://typhoon.nmc.cn). From 1949 to 2019, a total of 46 typhoons reached
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Zhejiang Province, and 236 typhoons affected the coast of Zhejiang. The frequency of
typhoons that have affected Zhejiang Province increased during the past decades (Guo
et al., 2019). The main typhoon types are Severe Tropical Storms and Typhoons, with
a few Super Typhoons. From July to September (typhoon season) each year, the
typhoons that affect Zhejiang correspond to approximately 93% of the total (Wang et
al., 2011).

The tidal data provided by the Shenjiamen Marine Station (29.93°N, 122.3°E, Fig.
1b) shows that the tides in the Zhujiajian Island area are mainly semi-diurnal, with an
average tidal range of 2.6 m (Xia, 2014). The wave data is obtained hourly from a wave
buoy (29.8°N, 122.5°E, Fig. 1b) located in approximately 20 m depth. The dominant
wave direction in the study area is from the east, and the waves with larger significant
wave heights mainly come from the directions between northeast and southeast (Guo
et al., 2020). The maximum significant wave height observed by the wave buoy during

the 2019 typhoon season was 6.77 m.

3.2 Topographic data

To obtain the characteristics of topography and surficial sediment changes of
Dashali, Dongsha, and Qiansha beaches and their nearshore area during typhoon season,
we carried out three field campaigns on July 18,2019, August 31, 2019, and September
24, 2019, representing the early, middle and late stages of the typhoon season,
respectively. According to the individual characteristics of the three beaches, 10, 30,

and 17 beach profiles are set up on Dashali, Dongsha and Qiansha (Fig. 1, Table 1),
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respectively. In addition, Dashali, Dongsha and Qiansha have five (YA02, YA04, YA06,
YAO08, YA10, see in Fig. 1c¢), six (DS05, DS11, DS17, DS22, DS26, DS30, Fig. 1d) and
five (QS01, QS05, QS09, QS13, QS17, Fig. 1e) typical profiles, which include beach
and nearshore surficial sediments. The beach topography was monitored at low tide
using RTK GPS from the network of Continuously Operating Reference Stations
(CORS, with plane and vertical precisions of £8 mm and +15 mm, respectively) with
fixed-point measurements starting from the base (here, the base refers to a boundary
between the sandy beach and cliffs/artificial seawall), and the elevation data of 171
profiles were all corrected to the Yellow Sea Datum 1985.

Beach sand volume per unit meter width, ¥, in m*/m, was calculated for every
typical cross-shore profile based on the shortest profile over the study period according
to Burvingt et al.(2018):

Vorofite = J fmax ;7 (Equation 1)

Zmin
where z corresponds to the topographic values interpolated every meter, and z.;» and
Zmax are the lowest and the fixed backshore (seawall/cliff base) topographic points
(Fig.2), respectively. The zuin on each beach is slightly different in this study due to the
various geological settings, but they are all near the 0 m elevation in Yellow Sea Datum
1985. Profile volume changes per unit meter width are calculated for every survey
relative to the first survey during the 2019 typhoon season. Meanwhile, we used the
Inverse Distance Weight Interpolation method (Shepard, 1968) to generate digital

elevation models from all the beach profiles of each survey, and the interpolation was

carried out on a regular grid with an alongshore and cross-shore mesh size of 5 m and



188 1 m, respectively. Elevation difference in m and the total beach volume change in m?

189  can be subsequently calculated, based on which we analyzed the erosion/accretion

190  pattern of the three beaches.
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191

192  Fig. 2 Example of beach profile and sediment sampling sites at Dongsha beach. The
193  black solid line shows the profile DS11 measured on August 31, 2019, while the grey
194  dash line shows the nearshore extension of beach profile lacking nearshore bathymetry.
195  Vprofite Was calculated according to Burvingt et al.(2018) between zuin and zmax, and the
196  SMT was calculated according to George and Hill (2008) using grain size
197  characteristics. Green rectangles indicate the surficial sediment sampling sites on the
198  beach and in the nearshore.

199

200 Table1l

201 Number of profiles and surficial sediment samples (beach and nearshore) collected for

202  each embayed beach during the early, middle and late stages of the 2019 typhoon season.

Beach Profiles Beach (nearshore) sediment samples

10
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early  middle late early middle late

Dashali 10 10 10 40 (30) 40 (30) 40 (30)
Dongsha 30 30 30 122 (61) 131 (60) 122 (55)
Qiansha 17 17 17 78 (30) 88 (30) 80 (30)

3.3 Surficial sediments

A total of 1097 surficial sediment samples on 171 profiles were collected during
the 2019 typhoon season (Table 1). Sampling sites were approximately 50-m spaced
along the beach profile starting from the seawall or cliff, while spacing was increased
to approximately 200 m in the nearshore part of the profile (Fig. 2). The sediment
samples were processed according to standard laboratory procedures (Carver, 1971).
Sediment grain-size analyses were carried out by SFY-D sonic vibration type automatic
sieving grain size analyzer and Malvern Mastersizer 2000 laser grain size analyzer for
sand and mud samples, respectively, after desalination and separation. The graphical
method (Folk and Ward, 1957) was then used to calculate the grain size parameters
(Mean grain size, Skewness, Sorting coefficient and Kurtosis) of the surficial sediment.
The SMT was determined according to the sediment grain size distribution
characteristics, which is a boundary of sand and mud, with the mud content of 25% or
the grain size of 63 pm (4®) (George and Hill, 2008). SMT distance was defined as the
cross-shore distance of the SMT from the landward base (seawall/cliff, the beginning
of each profile). The SMT migration was calculated by comparing SMT offshore
distance with that measured during the first survey, with negative (positive) SMT

migration corresponding to onshore (offshore) movement.

11



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

4 Results

4.1 Nearshore hydrodynamics during the typhoon season

There were four typhoons of different classifications in the study area during the
2019 typhoon season: Tropical Storm Danas, Super Typhoon Lekima, Super Typhoon
Lingling, and Typhoon Tabah. The annual average significant wave height and the mean
wave period in the study area are only 0.82 m and 3.6 s (Guo et al., 2020), while the
average significant wave height was 1.16 m during the typhoon season of 2019, with a
mean wave period of 5.5 s (Fig. 3a & 3b). The maximum significant wave height and
wave period were 6.77 m and 9.9 s, respectively. Throughout the 2019 typhoon season,
waves in the study area were mainly from the southeast, with the maximum significant
wave heights mainly from the directions between northeast and southeast (Fig. 3c¢).

The hourly measured tidal level, astronomical tide and storm surge level with
respect to Yellow Sea Datum 1985 in the study area from July 1 to September 30 in
2019 are illustrated in Fig. 3d, covering approximately six lunar tidal cycles. It can be
seen from Fig. 3d that the minimum and maximum water levels, which occurred during
the spring tide period, reached -1.75 m and 2.49 m, respectively. The four typhoons all
caused storm surges (red line in Fig. 3d) in the nearshore of Zhujiajian Island, with
values of 0.6 m, 0.96 m, 0.57 m, and 0.98 m, respectively.

Fig. 4 shows the wave rose of the four typhoons during the 2019 typhoon season.
It can be seen from the figure that the dominant wave directions of the first three
typhoons were from southeast, while it was from east during the last typhoon. These

four typhoons all caused strong storm waves, with the maximum significant wave
12
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heights of 4.68 m, 6.77 m, 3.71 m, and 4.03 m (Fig. 3&4), respectively. The

corresponding storm peak wave directions were 135°, 40°, 100°, and 84°, respectively.

Lekima (a)

o 8 Lingling i
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S
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®
o
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Time

Fig. 3 Significant wave height (a), mean wave period (b), wave direction (c), and tidal
level and surge (d) in the nearshore of Zhujiajian Island during the 2019 typhoon season.
The wave directions from July 1 to July 15 in 2019 were not displayed in this figure

due to the instrument failure. Measured tide, astronomical tide and surge level are with
13



251  respect to the Yellow Sea Datum 1985.
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254  Fig. 4 Wave roses of Tropical Storm Danas (a), Super Typhoon Lekima (b), Super

255  Typhoon Lingling (c) and Typhoon Tabah (d). Hy is the significant wave height.

256 4.2 Beach morphological changes

257 The beach profiles of Dashali show a slight accretion during the typhoon season.
258  The alongshore-averaged Ve changes in the early-middle stage, middle-late stage

259  and the entire typhoon season were 4.57 m*/m, 7.35 m*/m, 11.92 m*/m, respectively. At
14
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the early stage of the typhoon season, Dashali beach exhibited a berm located 40-60 m
from the seawall. Then, the beach berm was smoothed out by the end of typhoon season.
Overall, the profiles became smoother and more gently (Fig. Sa-¢).

The alongshore-averaged Vs changes of Dongsha beach during the entire
typhoon season is -54.34 m>/m, with the beach suffering more erosion during the early
stage of the typhoon season (-35.68 m*/m). The southern profiles (Fig. 5f-h) show the
most dramatic change, with erosion during the entire typhoon season reaching -124.17
m’/m (profile DS11). Profiles DS05 and DS17 had berm at the early stage of the
typhoon season, while the berm systems disappeared by the end of the typhoon season.
Compared with the southern part of the beach, the three northern profiles (DS22, DS26,
and DS30) were relatively stable during the typhoon season, with an average erosion
of -10.83 m*/m.

The profiles of Qiansha beach showed an alongshore-averaged Ve change of
0.7 m*/m (early - middle) and -34.65 m*/m (middle - late), respectively. The beach was
the only of the three beaches that did not exhibit a berm at the start of the 2019 typhoon
season. The profile shape did not substantially change, with the profiles essentially

lowering during the middle-late stage.

15
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Fig. 5 Variations in typical profiles of Dashali beach (a-e), Dongsha beach (f-k) and
Qiansha beach (I-p) during typhoon season. Elevation is with respect to Yellow Sea

Datum 1985 in all panels.

4.3 Beach accretion/erosion distribution patterns

The topographic data of Dashali beach during the 2019 typhoon season shows little
(<0.03 m) vertical elevation change, while the minimum and maximum vertical

changes locally reached -2.45 m and 2.37 m, respectively. The total beach volume

16
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during the typhoon season showed a slight accretion (1923.22 m?), with a small
accretion (2188.55 m®) from early stage to middle stage, and a near-stable situation (-
263.64 m?) in the late stage. In terms of spatial variations, the southern Dashali beach
was more stable than the northern part, as the largest erosion occurred in its northern
part (Fig. 6a-c), which is the signature of a slight counter-clockwise beach rotation.

Dongsha beach suffered erosion throughout the typhoon season, with maximum
vertical erosion reaching -1.62 m. At the late stage of the typhoon season, the total beach
volume decreased significantly (-62,466.75 m*). Compared with the two other beaches,
the data shows the largest morphological changes. Erosion patterns show a large
alongshore variability, with large erosion of the upper beach in the southern part of the
embayment, while the northern part was relatively stable, corresponding to a clockwise
beach rotation (Fig. 6d-f). Interestingly, the upper beach change patterns were mirrored
in the lower beach change patterns.

Qiansha beach also showed continuous erosion during the typhoon season, and
beach erosion was more severe at the early stage of the typhoon season, with a total
volume change of -20,019.96 m® throughout the 2019 typhoon season. The
erosion/accretion pattern at Qiansha beach was the most uniform alongshore among the
three beaches, with erosion of the upper beach and slight accretion of the lower beach
suggesting a dominant offshore sand transport (Fig. 6g-1).

To sum up, the three embayed beaches showed contrasting morphological
responses. The southern part of Dongsha beach showed the largest changes, and Dashali

beach was the most stable. The three beaches all showed erosion on the upper part of

17
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the beach and slight accretion on the lower part, indicating an overall seaward sediment

transport during typhoon season.
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Fig. 6 Topographic difference plot of Dashali beach (a-c), Dongsha beach (d-f) and
Qiansha beach (g-1) during the typhoon season. The first, second and third columns
show changes during the period between early and middle stage, the period between

middle and late stage and the entire typhoon season, respectively.

4.4 Variations of beach sediment characteristics

Sediment grain size analysis shows that the sediment of the three beaches is

primarily composed of fine sand, and that Qiansha beach had the finest grain size. Grain
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size varied throughout the typhoon season, with sediment generally coarsening and
characterized by increasing sorting.

Dashali beach sediment is mostly composed of fine sand, with a small amount of
very-fine sand and coarse sand. At the early, middle and late stages of the typhoon
season, the mean sediment grain size was 2.49 @ (ranging between 1.86 @ and 2.68 @,
Fig. 7a), 2.5 @ (ranging between 1.71 ® and 2.67 ®, Fig. 7b) and 2.42 ® (ranging
between 1.5 @ and 2.69 ®, Fig. 7c), respectively. The grain size distribution was
relatively uniform with a slight change during typhoon season seemingly related to
beach morphological changes. The average sediment sorting coefficients of Dashali
beach increased throughout the typhoon season, that is, 0.33, 0.36, and 0.49 in the three
subsequent stages of the typhoon season (Fig. 8a-c).

In addition to the fine sand components, there was a small amount of very-fine
sand, coarse sand and gravel components in the surficial sediments on Dongsha beach,
with almost no mud components. The sediment in the southern part of the beach was
the coarsest and contained gravel. At the early stage of the 2019 typhoon season, the
mean beach sediment grain size was 2.29 ® (ranging between -1.17 ® and 3.16 @, Fig.
7d). After two typhoons, the mean grain size was 2.37 ® (ranging between -0.12 ® and
3.05 @, Fig. 7e), and there was still a small amount of fine-grained gravel in southern
beach. At the end of the typhoon season, the mean sediment grain size was 2.07 @
(range between -1.08 ® and 2.96 ®, Fig. 7f), with some coarse-grained gravels
appearing in the southern part of the beach, where grain size characteristics were the

most variable throughout the typhoon season. The sorting coefficient became worse at
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the end of typhoon season (Fig. 8d-f). Among the three beaches, sediment sorting was
the worst at Dongsha beach.

Qiansha beach sediments were primarily fine sand, with a small amount of very-
fine sand and coarse sand. At the early stage of the typhoon season, the mean grain size
of the surficial sediments on the beach was 2.61 @ (ranging between 1.63 @ and 3.1 O,
Fig. 7g). By the middle stage, the mean grain size slightly decreased to 2.64 @ (ranging
between 2.25 ® and 2.74 @, Fig. 7h). At the end of the typhoon season, the mean grain
size was 2.67 @ (ranging between 2.39 @ and 2.78 @, Fig. 71). The sediment grain size
at Qiansha beach was the most uniform spatially and the finest. The sediment
characteristics showed the smallest change of the three beaches during the typhoon
season, and the sorting was the best (sorting coefficient ranging between 0.26 and 0.3,

Fig. 8g-i).
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Fig. 8 Sorting coefficients of beach surficial sediments on Dashali (a-c), Dongsha (d-f)

and Qiansha (g-1) during the early, middle and late stages of typhoon season.

4.5 Location and migration of SMTs

Most of the surficial sediments in the nearshore of Dashali, Dongsha, and Qiansha
were muddy sediments, with a dominant seaward fining trend. The nearshore surficial
sediments of Dongsha showed the coarsest grain size among the three beaches, while
that of Qiansha showed the finest grain size (Table 2). The nearshore surficial sediments
all coarsened during the 2019 typhoon season, among which the nearshore sediments

at Qiansha were the most stable. Compared with the beach sediments (Table S1), the
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nearshore sediments showed little changes during typhoon season, with small variations

in sorting coefficient(s), skewness (Sx) and kurtosis (Kj).

Table 2

Grain size characteristics of nearshore surficial sediments during the 2019 typhoon

s€ason.
D50 Mz

Location Sampling Date (D) (D) o Sk Ky
Dashali nearshore 2019/07/18 7.32 7.47 136  0.17 1.02
2019/08/31 6.65 6.8 146  0.13 1.02

2019/09/24 6.38 6.5 146  0.08 1.06

Dongsha nearshore 2019/07/18 6.88 7 141 010 1.12
2019/08/31 5.78 5.96 138 013 1.01

2019/09/24 5.47 5.54 148 0.06 1.53

Qiansha nearshore 2019/07/18 7.74 7.72 1.48 0.08 1.03
2019/08/31 7.02 7.13 138 0.11 0.96

2019/09/24 7.13 7.2 137 0.01 112

By calculating the mean grain size (M:) and mud content of the beach and
nearshore surficial sediments, the results show that the average SMT offshore distances
from base of Dashali beach, Dongsha beach, and Qiansha beach during the 2019
typhoon season were 201 m, 442 m, and 326 m (Fig. 9), respectively. Their headland
extents are 600 m, 1350 m, and 800 m, respectively, suggesting that the longer the
headland extent, the farther offshore the SMT, which will be discussed in the next
section. Dongsha beach, with the coarsest sediment grain size, has the farthest SMT
distance from base. Under the high-energy typhoon season, the SMTs at the three
beaches were stable or migrated seaward.

The SMT of Dashali beach showed an average offshore migration in the early
23
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stage of the typhoon season by 7.6 m (Fig. 9a). Then, the SMT migrated onshore by
approximately 7 m, resulting in a near-zero net migration. The SMT migration was
uniform alongshore. In contrast, the Dongsha beach SMT showed continuous seaward
migration at all profiles and together with coarsening sediment. Among the three
beaches, the SMT of Dongsha beach had the largest migration during the typhoon
season with also substantial alongshore variability. The SMT of the southern Dongsha
beach (DS05, DS11, DS17) migrated seawards by the largest amount (170 m, Fig. 9b),
while the SMT in the northern part was relatively stable, with SMT migration ranging
between -5 m and 16 m. The SMT of Qiansha migrated offshore by 17.6 m during the
early stage of the season before migrating shoreward by 13.6 m (Fig. 9¢). During the

entire typhoon season, the SMT of Qiansha moved by only 4 m.
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Fig. 9 SMT offshore distances at Dashali (a), Dongsha (b), and Qiansha (c) at the early
(18/7/2019), middle (31/8/2019) and late (24/9/2019) stages of the 2019 typhoon season.

In all panels the red dashed line indicates the average SMT offshore distance during the
24
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typhoon season.

5 Discussion

5.1 Factors affecting SMT location

SMT is an important morphological feature of beaches, and its location depends
on hydrodynamic settings (mainly waves and tides), sediment supply and potential
human interventions. Previous works indicate that the stronger the wave forcing, the
farther SMT extends offshore (Dunbar and Barrett, 2005; George and Hill, 2008), and
the coarser beach sediment grain size (Friedman, 1979). This is confirmed here, with
Dongsha beach showing the most offshore SMT of the three beaches in Zhujiajian
Island (Fig. 9). We also compared the SMT results of the three beaches in this study
with 12 other embayed beaches along the east coast of China, for a total of 15 embayed
beaches, showing the same relationship (Fig. 10a, Table 3). Tides affect coastal currents
and, in turn, sediment transport, beach morphology and SMT location. This is further
illustrated when plotting SMT against tidal range, by including the same 12 embayed
beaches to our dataset (Fig. 10b and Table 3). In line with Zhao et al. (2020b), the SMT
offshore distance at embayed beaches decreases with increasing tidal range. The three
embayed beaches in this study have the same mean spring tidal range (2.6 m) and
similar nearshore significant wave height, but show different SMT locations (Fig. 10),
indicating that tide and significant wave height are not the only influencing factors.
Headland configuration (shape, distance, offshore extent) at embayed beaches can also

remarkably affect nearshore currents and sediment transport (Short and Masselink,
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1999) as well as shoreline response and embayment plane-shape (Castelle et al., 2020).
Intense rip currents flowing against the headlands can also occur under storm waves
and potentially transport large amount of beach sediment seawards (Mouragues et al.,
2020; Valiente et al., 2019). Fig. 10c and Table 3 show that SMT offshore distance
increases with increasing headland extent at embayed beaches along the east coast of
China. Larger headland may promote offshore sand transport and, therefore, more
offshore SMT. Wave exposure (embayment orientation) is another important parameter
affecting nearshore currents and sediment pathways. Besides, small differences in the
inner shelf slope can transform waves differently (Dillenburg et al., 2000; Schwab et
al., 2000), which may further contribute to the differences of SMT position between the
three beaches. Further work, including more data and process-based modelling, will be
required to verify these relationships and further explain the influence of tide, wave

height, headland extent, wave exposure and inner shelf slope on SMT.
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Fig. 10 SMT distance from base against significant wave height (a), tide range (b) and
headland extent (c) of embayed beaches in eastern China (refer to Table 3). In all panels
the solid lines show the best linear regression and corresponding statistics. The red

symbols show the three beaches in this study, in which the rectangular, circle and
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triangular represent Dashali, Dongsha, and Qiansha, respectively.
Table 3
SMT distance, morphological and hydrodynamic parameters of embayed beaches in

eastern China in references and this study.

Headla
nd Beach SMT Tidal
extent length Dist. Hsig range
Beach (km) (km)  (km) (m) (m) References
Haiyang 3.0 4.8 08 145 25 Yu et al., 2016
Xishu 0.4 0.45 0.1 060 34 Duan, 2015
Dongsha 1.35 1.5 044 082 26 This study
Qiansha 0.8 1.2 032 082 26 This study
Dashali 0.6 0.9 02 08 26 This study
Nansha 1.8 1.1 027 1.0 2.6 Huang et al.(2016)
Huangcheng 1.0 1.8 019 05 3.7 Huang et al.(2016)
Xiasha 0.4 0.6 01 035 37 Huang et al.(2016)
Jihu 0.6 1.25 0.4 1.4 3.3 Huang et al.(2016)
Guhu 0.24 038 0.158 048 4.3 Zhao et al.(2020b)
Zuokeng 0.375 0.64 0062 028 43 Zhou et al.(2019)

Jiangyin east 0.4 091 0.047 031 53 Zhao et al.(2020b)
Quangang Wuli  0.86 143 0.026 035 4.6 Zhao et al.(2020b)
Lieyu 0.32 165 0.021 034 238 Zhao et al.(2020b)
Nantaiwu 1.0 173 006 024 49 Zhou et al.(2019)

Note: SMT Dist. is the SMT distance from the base on each beach. Hy; is the annual average

significant wave height of the nearshore.

5.2 SMT migration response during typhoon season

Just like beach response, it is critical to better understand SMT response to
typhoons. Our results show that SMT migration during the typhoon season is correlated
with beach response (Fig. 11). Generally, SMT offshore migration increases with
increasing beach erosion. The correlation between SMT migration and beach

volumetric change is observed and statistically significant, but mostly during the early
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period of the typhoon season. An explanation can be that the disequilibrium between
SMT/beach volume and the incident wave energy is maximized during the start of the
typhoon season under high-energy conditions, which results in maximized response and
clear SMT/beach volume change patterns. During the rest of the typhoon season,
disequilibrium between beach/SMT system and incident wave energy is minimized
resulting in more site-specific response, and weaker correlation. More measurements
of SMT migration at more embayed beaches are required to perform a robust statistical
analysis, which was based only on three beaches herein. Besides, Cheng et al.(2014)
found that the SMT at Dongsha beach is approximately 430 m from the seawall under
the calm wave condition, while the SMT was located 442 m offshore from the seawall
during the 2019 typhoon season. This is in line with our observation of an offshore SMT
migration together with beach erosion during the typhoon season. SMT elevation
change was not addressed here, due to the absence of nearshore bathymetry, which will

need further investigation.
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profile of the three embayed beaches during the 2019 typhoon season. There is no
significant correlation between the volumetric change and SMT migration during the
period between the middle and late stages of the typhoon season (red rectangles).

Human activities such as the construction of seawalls and beach nourishments may
also affect the migration of SMT. Dongsha beach has seawalls causing continuous
erosion on the beach (Cheng et al., 2014; Guo et al., 2018), thus such promoted offshore
sediment transport may further lead to a seaward SMT migration. Besides, nourishment
projects were implemented on Dongsha beach from 2016 to 2017, with the borrowed
sediments mainly placed in the southern end of the beach (Guo et al., 2020). The
borrowed sediments are not “native” beach sediments and can be easily transported
away from the nourishment area (Seymour et al., 2005). This may have modified SMT
in the south of Dongsha beach. Compared with Dongsha beach, the SMTs of Dashali
and Qiansha were relatively stable during typhoon season. These two beaches are more
natural than Dongsha, suggesting that SMTs of beaches with less human intervention
are more stable. In addition, SMTs of embayed beaches are known to be more stable
than estuarine beaches (Zhao et al., 2020b), which is confirmed in this study with
overall small SMT migrations.

Embayed beach exposure to incident storm wave conditions is important to beach
response during typhoon seasons (Qi et al., 2010), which may also affect the migration
of SMTs. The beach orientations of Dashali, Dongsha and Qiansha are 3°, 19° and 40°
(Fig. 1), respectively, while the main storm wave directions of the four typhoons are
from southeast and east (Fig. 4). The Super typhoon Lekima with maximum H;
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approaching 6.77 m in the early stage of the typhoon season may result in the biggest
impact, and the angle between the main storm direction and the orientations of Dongsha
and Qiansha are close to shore normal. Therefore, Dongsha and Qiansha eroded
significantly during the early-middle stage of typhoon season, which corresponds to the
offshore migration of SMTs on these two beaches.

Sediment supply is also an important factor affecting the SMT distribution and
migration (Anthony et al., 2002; Anthony and Dolique, 2004; Chang et al., 2017,
George and Hill, 2008; Zhao et al., 2020a). The southward transport of fine-grained
sediments from the Yangtze River Estuary driven by coastal currents makes the adjacent
sea waters of the Zhoushan Archipelago rich in fine-grained sediments (Hu et al., 2009;
Li et al., 2018). Cheng et al.(2014) found that there is a SMT in the nearshore of
Dongsha beach in approximately 5 m depth (about 430 m from the seawall) with
seasonal changes in flood and dry seasons. Dashali and Qiansha have a similar
sedimentary environment with Dongsha affected by the fluvial sediments from Yangtze

River Estuary, thus the SMTs on these two beaches may also exhibit seasonal changes.

6 Conclusions

This study focuses on the location, migration and influencing factors of the SMTs
on the embayed sandy beaches of Dashali, Dongsha and Qiansha, east coast of
Zhujiajian Island. Beach topographies and surficial sediment characteristics were
acquired during the early, middle and late stages of the 2019 typhoon season. During
this typhoon season, the beaches showed large and variable morphological changes

driven by the high-energy wave forcing. Only Dashali beach showed no net volume
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change, while Donghsa and Qiansha severely and moderately eroded, respectively.
Despite different volumetric changes, all three beaches showed similar profile evolution
with berm smoothing and more gently sloping shape, reflecting net offshore sediment
transport. Beach sediments coarsened at the three sites with worse sorting performance
during the typhoon season, with the nearshore surficial sediments showing similar
changes. The SMTs of the three beaches were stable or migrated offshore during the
typhoon season. Including data from 12 other embayed beaches in eastern China, the
SMT distance offshore was found to positively correlate with significant wave height
and headland offshore extent, and negatively with beach volume change and tidal range.
This research can provide a reference for beach management and sustainable beach

development on such embayed beaches in the world.
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