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Abstract

Beach erosion has occurred globally in recent decades due to frequent and severe storms. Dongsha beach, located
in Zhujiajian Island, Zhejiang Province, China, is a typical embayed sandy beach. This study focused on the
morphodynamic response of Dongsha beach to typhoon events, based on beach topographies and surficial
sediment characteristics acquired before and after four typhoon events with varying intensities. The four
typhoons had different effects on the topography and sediment characteristics of Dongsha beach. Typhoons
Ampil and Danas caused the largest (-51.72 m3/m) and the smallest erosion (-8.01 m3/m), respectively.
Remarkable alongshore patterns of beach profile volumetric changes were found after the four typhoon events,
with more erosion in the southern and central parts of the beach and few changes in the northern part. Grain size
coarsening and poor sorting were the main sediment patterns on the beach influenced by different typhoons.
Typhoons that occurred in the same year after another typhoon enhanced the effect of the previous typhoon on
sediment coarsening and sorting variability, but this cumulative effect was not found between typhoons that
occurred during different years. A comparison of the collected data revealed that the topographic state of the
beach before the typhoon, typhoon characteristics, and tidal conditions were possible reasons for the difference in
the responses of Dongsha beach to typhoon events. More severe beach erosion was caused by typhoons with
higher intensity levels and longer durations, and high tide levels during typhoons can determine the upper limit of
the beach profile erosion site. Taken together, these results can be used to improve beach management for storm
prevention.
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1 Introduction

Sandy coasts account for more than one-third of the world’s
non-frozen coastline (Luijendijk et al., 2018) and have high so-
cioeconomic and ecological value. However, as an important
component of the global coast, sandy coasts have been continu-
ously eroded, with 15% of sandy beaches retreating landward at a
rate of 1 m/a or even faster in recent years (Luijendijk et al.,
2018). Vousdoukas et al. (2020) simulated future global sandy
shoreline changes and showed that the global sandy shoreline
will recede by an average of more than 100 m by 2100, implying
direct loss of beach resources in some local areas.

Storm event is an important driver of sandy coast erosion,
creating strong wave energy environments that can produce dra-
matic short-term changes in beach geomorphology. Over the

past few decades, beach storm response has been widely studied
globally. The responses of natural beaches to storm events vary,
and the factors that contribute to this variation include storm
characteristics and beach features (Cooper et al., 2004). It has
been suggested that the beach response depends primarily on
the number of storms and their intensities, and storm clusters
may cause more extensive beach erosion than individual storms
(Karunarathna et al., 2014; Senechal et al., 2015). However, des-
pite the high energy levels maintained by storm clusters, erosion
may decrease and reach equilibrium during successive storms
(Aagaard et al., 2012). The temporal sequence of storms within a
cluster may also play a key role in storm intensity (Castelle et al.,
2015; Coco et al., 2014; Guo et al., 2020). Storm wave height and
peak wave period are key parameters linking wave action to
beach response, thus defining potential thresholds for storm im-
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pact. The time period when the storm reached the peak during
the tidal cycle can also influence beach storm response charac-
teristics (Anthony, 2013; Cai et al., 2006; Masselink et al., 2016).
Previous studies have demonstrated that the shoreline direction
and storm track affect the wave incidence angle, which in turn af-
fects the beach response by controlling the coastal sediment
transport (Castelle et al., 2015; Qi et al., 2010). In addition to be-
ing influenced by hydrodynamics, difference in beach responses
to storms are also related to beach morphology (Haerens et al.,
2012), beach type (Burvingt et al., 2017; Masselink et al., 2016; Qi
etal., 2010), sediment grain size (Prodger et al., 2016), and geolo-
gical conditions (Loureiro et al., 2012; Qi et al., 2010).

Facing with storm erosion and the stress of short in beach re-
sources, a better understanding of embayed beach morphody-
namic response to storms is needed for beach protection
(Burvingt et al., 2017; Guo et al., 2020; Masselink et al., 2016; San-
cho-Garcia et al., 2013). Typhoon events in the Northwest Pacific
can always bring storm waves and surges, resulting in consider-
able and site-specific beach erosion (Cai et al., 2006; Guo et al.,
2018; Liu et al., 2022; Qi et al., 2010; Yin et al., 2019) and further
affecting the beach long-term evolution. Datasets with adequate
spatiotemporal resolution are uncommon and limited by the
complexity of storm process and the harshness of observation
conditions (Coco et al., 2014). Although typhoon induced storm
response has been well studied, a large number of field observa-
tions are still required to deepen the understanding of the de-
tailed process and internal mechanism of embayed beach pro-
cesses under storm conditions (Anthony, 2013; Forbes et al.,
2004), especially for the storms induced by different typhoon
events with varying intensities.

Under the background of widespread global coastal erosion,
about 50% of the sandy coast in China is continuously eroding
and retreating (Third Institute of Oceanography, 2010). The
sandy coasts of China are more than 5 000 km long with widely
varying geomorphic features, in which embayed beaches are the
most prevalent (Cai, 2019). Zhejiang Province is an important
coastal province of China, while the embayed sandy and gravel
coasts account for only 3% of its coast, suffering a great number

122.3° 122.4°

of economic losses from typhoon induced storm disasters for
years (Second Institute of Oceanography, 2012). Zhoushan Ar-
chipelago is one of the main distribution areas of beach re-
sources in Zhejiang, among which Zhujiajian Island, the famous
tourist destination, is the most representative island due to its
rich beach types (Xia, 2014). Therefore, in this study, we take
Dongsha beach, a typical embayed sandy beach on Zhujiajian Is-
land in Zhejiang Province as an example, using beach topo-
graphy, surficial sediment, and hydrodynamic data, to analyze
the topography and sediment characteristics of the embayed
beach under the influence of different typhoons, investigate the
morphodynamic response pattern of the embayed beach to
typhoon events, discuss the influencing factors of various
morphodynamic responses of embayed beach, and provide ref-
erence for beach storm prevention.

2 Materials and methods

2.1 Study area

Zhujiajian Island is the fifth largest island in the Zhoushan Ar-
chipelago, Zhejiang Province, China (Figs 1a, b), with a land area
of 62.20 km? and a coastline of 79.20 km (Xia, 2014). The em-
bayed beaches on the east coast of Zhujiajian Island are famous
tourist destinations in China. Faced with frequent typhoon
events, the local management department has performed hu-
man intervention to resist erosion of different beaches on
Zhujiajian Island. Seawall construction is the main protection
measure used to prevent storm-induced shoreline retreat. In ad-
dition, small-scale, short-interval beach nourishment projects
have been implemented to resist severe storm erosion and to
maintain the recreational beach function (Guo et al., 2020).

Dongsha beach is a 1 500 m-long embayed sandy beach, with
two headlands extending approximately 1 350 m offshore (Fig. 1c).
The beach slope ranges along the coast from 2.90% to 3.50%, and
surficial sediment D,, ranges from $=1.40 to $=2.74. Sand dunes
existed at the landside of the beach before, while the completion
of the seawall in 2012 broke the balance of the cross-shore sedi-
ment (Cheng et al., 2014) and further led to dune disappearance.
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Fig. 1. Sketch of study area, topography and sediment measurement settings: location of Zhuajiajian Island (a), locations of tidal
gauge and wave buoy (b), typical profiles setting on Dongsha beach (c) and the sampling sites (green rectangles) on each profile (d).
DS05, DS11, DS17, DS22, DS26, and DS30 in c are the typical profiles set on Dongsha, while P1, P2, P3, and P4 are the cross-shore
sampling sites on each typical profile with a space interval of 50 m. The satellite images were downloaded from Google Earth.
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The seawall construction and frequent storms have resulted in
considerable beach erosion for years (Guo et al., 2018). To fight
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 a large
impact on beach processes (Guo et al., 2020).

2.2 Hydrodynamic data during typhoon events

From 1949 to 2019, a total of 46 typhoons landed Zhejiang
Province and 236 typhoons affected the coast of Zhejiang (Guo
et al., 2019). In this study, four typhoon events that affected the
study area were monitored during the typhoon seasons of 2018
and 2019 (Fig. 2), and their characteristics were collected from
the typhoon website of National Meteorological Center of China
(http://typhoon.nmc.cn/; Table 1). Figure 3 shows the wind
speed and air pressure at the centers of the four typhoon events
in this study, the maximum wind speeds at the centers of Ampil,
Kong-Rey, Danas, and Tapah reached 28 m/s, 60 m/s, 23 m/s,
33 m/s, respectively. The lowest air pressures at the centers of the
four typhoons were 980 hPa, 920 hPa, 988 hPa, and 975 hPa, re-
spectively. The classifications of the four typhoons are severe
tropical storm Ampil, super typhoon Kong-Rey, severe tropical
storm Danas, and typhoon Tapah, with affecting durations of
17h, 21 h, 10 h, and 18 h, respectively.

Nearshore hydrodynamic data were also obtained during the
typhoon events. The wave data including wave direction, signific-
ant wave height (H), and peak wave period were collected hourly
from a wave buoy (29.80°N, 122.50°E; Fig. 1b) located at a depth
of approximately 20 m. The dominant wave direction in the study
area was from the east, and the waves with larger H primarily
came from the northeast and southeast, with the annual average
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T

H and wave period of 0.82 m and 6.20 s, respectively (Guo et al.,
2020). The tidal data (astronomical and measured tides) were
provided by the Shenjiamen Marine Station (29.93°N, 122.30°E;
Fig. 1b), and the surge levels were calculated using measured tid-
al level minus astronomical tidal level. The tides in the study area
were primarily semi-diurnal, with an average tidal range of 2.60 m
(Xia, 2014).

2.3 Topographic data

To obtain the topography and surficial sediment changes of
Dongsha Beach induced by different typhoon events, we conduc-
ted eight field campaigns before and after the four typhoon
events in this study (Table 2). Thirty profiles including six typical
profiles (DS05, DS11, DS17, DS22, DS26, and DS30) were set on
Dongsha beach with an alongshore interval of 50 m during each
field campaign, which were named from DS01 to DS30 accord-
ing to their positions on the beach from south to north (Fig. 1c).
The beach topography was monitored at low tide using real-time
kinetic global positioning system (RTK GPS) from a 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 (the artificial
seawall). The elevation data of 240 profiles were corrected to the
Yellow Sea Datum 1985.

The beach sand volume per unit meter width, V¢, in m3/m,
was calculated for every typical profile based on the shortest pro-
file over the study period according to Burvingt et al. (2018):
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Fig. 2. Moving tracks of four typhoon events affecting Zhujiajian Island during the study period.

Table 1. Information of four typhoon events affecting the study area in this study during 2018 and 2019

Typhoon Classification Affecting time span Affecting duration/h
Ampil severe tropical storm 2018/07/21 20:00 - 2018/07/22 13:00 17
Kong-Rey super typhoon 2018/10/05 02:00 - 2018/10/05 23:00 21
Danas severe tropical storm 2019/07/19 07:00 - 2019/07/19 17:00 10
Tapah typhoon 2019/09/21 11:00 - 2019/09/22 05:00 18

Note: Affecting time span was detected according to the data collected from the typhoon website of National Meteorological Center of

China (http://typhoon.nmc.cn/).
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Fig. 3. The wind speed and atmospheric pressure at the centers of the four typhoon events: wind speed of Ampil (a), atmospheric
pressure of Ampil (b), wind speed of Kong-Rey (c), atmospheric pressure of Kong-Rey (d), wind speed of Danas (e), atmospheric
pressure of Danas (f), wind speed of Tapah (g), and atmospheric pressure of Tapah (h).

where z corresponds to the topographic values interpolated per
meter, z,;, and z, . are the lowest and fixed backshore (the foot
of seawall) topographic points (Fig. 1d), respectively. The z,, on
the beach is near 0 m elevation in the Yellow Sea Datum 1985.
The profile volume changes per unit meter width were calcu-
lated for every post-typhoon survey relative to the survey before
the typhoon event. We also used the inverse distance weight in-
terpolation method (Shepard, 1968) to generate digital elevation
models from the beach profiles of each survey, and the interpola-

tion was carried out on a regular grid with alongshore and cross-
shore mesh sizes of 5 m and 1 m, respectively. The elevation dif-
ference and the total beach volume change could subsequently
be calculated, and the erosion/accretion patterns of the beach
were then analyzed.

2.4 Surficial sediments
A total of 1 035 surficial sediment samples from 240 profiles
were acquired during the eight field campaigns (Table 2). The
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cross-shore sampling sites (P1, P2, P3, and P4) were set starting
from the seawall and approximately 50 m spaced along each pro-
file. P1 is the first sampling site along the cross-shore profile,
while P4 is the last sampling site along the cross-shore profile
(Fig. 1d). Sediment samples were processed according to stand-
ard laboratory procedures (Carver, 1971). Sediment grain size
analyses were performed using SFY-D sonic vibration-type auto-
matic sieving grain size analyzer (Nanjing Zhonghu Technology
Co., Ltd, China) after desalination and separation. The graphical
method (Folk and Ward, 1957) was used to calculate the grain
size parameters (mean grain size, skewness, sorting coefficient,
and kurtosis) of the surficial sediment.

3 Results

3.1 Nearshore waves and tides during four typhoon events

The peak H, during Ampil, Kong-Rey, Danas, and Tapah were
3.87m, 4.36 m, 4.68 m, and 4.03 m, respectively (Fig. 4). The aver-
age H, during the four typhoon events were 1.33 m, 1.76 m, 1.40 m,

and 2.49 m, respectively, while the annual average H; is only 0.82 m
(Guo et al., 2020), showing that the four typhoon events all
caused storm waves. The peak wave periods during the peaks of
the four typhoon events were 10.20 s, 11 s, 9.20 s, and 7.80 s, re-
spectively. Additionally, the main wave directions of the four
typhoons were from E, NE, SE, and E, respectively, indicating that
all the waves can affect Dongsha beach.

The hourly measured tidal level, astronomical tidal level, and
storm surge level with respect to Yellow Sea Datum 1985 in the
study area were illustrated in Fig. 5. It can be seen from Fig. 5 that
the minimum and maximum tidal levels, which occurred during
typhoon Ampil and Kong-Rey, reached —1.36 m and 2.26 m, re-
spectively. Ampil, Kong-Rey, and Tapah affected the study area
during the neap tide, whereas Danas affected Dongsha during
the spring tide. The four typhoon events caused remarkable
storm surges, with maximum surge values of 0.69 m, 0.85 m, 0.60 m,
and 0.98 m, respectively. Although the storm surges were in-
duced by the typhoons, the high tide level did not exceed 2.50 m
during the four typhoon events (Fig. 5).

Table 2. Number of profiles and surficial sediment samples collected on Dongsha beach during each field campaign in this study

Measurement date Related event

Profile number

Surficial sediment sample number

2018/06/30 before Ampil 30 139
2018/07/23 after Ampil 30 127
2018/09/25 before Kong-Rey 30 124
2018/10/06 after Kong-Rey 30 139
2019/07/18 before Danas 30 131
2019/07/24 after Danas 30 122
2019/09/17 before Tapah 30 131
2019/09/24 after Tapah 30 122
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Fig. 4. Significant wave heights and mean wave directions during four typhoon events.



56 Shi Lianqiang et al. Acta Oceanol. S

astronomical tide

measured tide

in., 2023, Vol. 42, No. 7, P. 51-63

surge level

£ £
) ©
= 3
_2 1 1 1 _2
2018/07/17 2018/07/19 2018/07/21 2018/07/23 2018/07/25
£ £
) ©
= 3
_2 1 1 1 1 _2
2018/09/30 2018/10/02 2018/10/04 2018/10/06
3 3
C
2 F 42
£ £
5 1H 11 ©
=0 10 %
=l =
= 3
-1F -1
72 1 1 1 72
2019/07/16 2019/07/18 2019/07/20
3
42
£ E
= Yo &
o =
= 3
1-1
72 1 1 1 72
2019/09/19 2019/09/21 2019/09/23

Date

Fig. 5. Tidallevels and surge levels during four typhoon events: Ampil (a), Kong-Rey (b), Danas (c), and Tapah (d).

3.2 Sediment characteristic response to different typhoon events

The surficial sediments of Dongsha beach primarily exhib-
ited coarsening of the mean grain size under the influence of the
four typhoon events (Fig. 6). Kong-Rey had the most consider-
able impact on the mean grain size, followed by Tapah, whereas
those effects of Ampil and Danas on the mean grain size of beach
sediments were small. In the variation of the sorting coefficient,
the responses of the beach to the four typhoons were also relat-
ively consistent, showing a worse sorting trend after each
typhoon event. The skewness of the beach sediments showed a
negative trend with different changes. The kurtosis of beach sedi-
ments changed from medium peak before the typhoons to nar-
row peak after the typhoons.

In addition to the overall changes in grain size characteristics,
we also analyzed sediment changes in the cross-shore and along-
shore directions under the influence of the four typhoons, using
the changes in mean grain size as an example. The results
showed that no uniform pattern occurred in the cross-shore dir-
ection resulted from the four typhoons. Under the influence of
Ampil and Danas, the variations in mean grain size in the cross-
shore direction were relatively small, while those changes were

larger after Kong-Rey and Tapah, with some gravel appearing on
the beach (Fig. 7). In the alongshore direction, the mean grain
size of the surficial sediments changed the most considerably on
the southern beach, especially in profile DS11 (Fig. 8).

3.3 Beach topographic response to different typhoon events

3.3.1 Accretion/erosion pattern

The pattern of beach accretion/erosion after the four typhoon
events varied significantly. Dongsha beach suffered considerable
erosion after typhoon Ampil, with a total beach volume change of
-77016.11 m3 (Fig. 9a). Typhoon Ampil caused the largest mor-
phological change compared with the other three typhoon
events. Erosion was the main pattern of the beach morphological
response, with the largest erosion occurred at the central beach
in the alongshore direction, while the two ends of the beach were
relatively stable. In the cross-shore direction, the intertidal beach
showed the largest erosion.

Figure 9b shows the pattern of erosion and accretion on
Dongsha beach under the impact of Kong-Rey. The maximum
vertical erosion and accretion of Dongsha beach were —1.30 m
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Fig. 6. Beach-averaged grain size parameters of surficial sediments on Dongsha before and after four typhoons in this study (the
dashed lines show the mean values of data collected in eight field campaigns for each parameter).

and 0.79 m, respectively, with a mean elevation change of —0.30 m.
In total, the beach volume decreased by 70 095.04 m3 after
typhoon Kong-Rey.

The total volume change of Dongsha caused by Danas was
9 548.71 m3, with an average elevation change of only 0.04 m. The
maximum elevation decrease and increase were 0.87 m and
0.94 m, respectively. The main cross-shore pattern of elevation
change on the beach was the small erosion of the upper beach
and accretion of the lower beach, while erosion occurred primar-
ily in the southern and central beach in the alongshore direction.

Dongsha beach lost 19 979.95 m? of sediments after typhoon
Tapah. The elevation changes of Dongsha beach ranged from
-0.58 m to 0.99 m, with an average of —0.09 m (Fig. 9d). No signi-
ficant cross-shore pattern was found on the beach, whereas the
southern and central beach exhibited more erosion than the
northern part in the alongshore direction.

3.3.2 Typical profile morphology

The profile morphologies of Dongsha beach before and after
Ampil were similar, both profiles were flat with gentle slopes.
Figure 10a shows six typical profiles before and after the impact
of typhoon Ampil. DS11, DS17, DS22, and DS26 revealed severe
erosion, while DS05 and DS30 (located at the shadow area of
headland) had few changes. The volumetric changes of typical
profiles at Dongsha beach under the influence of Ampil varied
(Fig. 11). In the alongshore direction, erosion was largest in the
central beach profiles and smallest in the profiles protected by

headlands at both ends of the beach. In the cross-shore direction,
erosion occurred primarily 30 m offshore along the profile.

The profile of Dongsha beach before and after typhoon Kong-
Rey contained a flat slope. The total subaerial beach profile
showed erosion, with the maximum vertical erosion reaching
-1.07 m (DS11). Figure 10b shows the six typical profile patterns
before and after the impact of Kong-Rey. Beach profiles varied
greatly under the influence of this typhoon, with no significant
pattern, among which profiles DS11, DS22, and DS26 showed
severe erosion.

The southern and central beach profiles had a beach berm
before Danas, and then changed to a flat slope profile after Danas
with the disappearance of the berm. Figure 10c shows the volu-
metric changes of six typical profiles of Dongsha beach. The
southern (DS05, DS11) and central (DS17) profiles primarily
showed flattening of the beach berm, while the remaining three
typical profiles showed no erosion and few changes. Slight
erosion in the southern and central parts of the beach and very
little accretion in the north were the primary alongshore change
patterns that occurred under the impact of Danas. In the cross-
shore direction, the beach profiles showed a pattern of erosion at
the upper beach and accretion at the lower beach, and most of
the profiles showed accretion 120-150 m offshore.

Tapah occurred in the late 2019 typhoon season, and the
beach profiles before and after this typhoon showed a gentle
slope affected by the strong hydrodynamics of typhoon season
(Fig. 10d). The averaged profile volumetric change of Dongsha
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Dongsha beach (DS05, DS11, DS17, DS22, DS26, and DS30, refer to Fig. 1c).

beach was -18.58 m3/m, demonstrating that the subaerial beach  changes of six typical profiles before and after typhoon Tapah.
showed an overall erosion. Figure 10d shows the morphological The southern (DS05, DS11) and central (DS17, DS22) profiles of
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Fig. 10. Typical profile morphology of Dongsha beach before and after four typhoon events: Ampil (a), Kong-Rey (b), Danas (c), and

Tapah (d). The dashed lines show the 2.5 m elevation.

the beach primarily showed slight erosion or remained un-
changed between 0-20 m offshore (above 2.5 m elevation) and
eroded between 20-140 m offshore. With respect to the along-
shore erosion characteristics, the southern and central parts of
the beach eroded severely, while the northern part eroded
slightly.

The comparison of beach profile volumetric changes after
four typhoons showed that the largest erosion (-72.69 m3/m) was
caused by typhoon Ampil, while the smallest erosion (-8.01
m3/m) was observed after typhoon Danas (Fig. 11). Similarly, the
volumetric changes of the beach profiles under the influence of
the four typhoons also had the significant alongshore divergence,
with the larger erosion occurred at the southern (DS05, DS11)
and central beach profiles (DS17, DS22), while the northern
beach profiles were relatively stable. Further analysis of the

beach profile volumetric changes before and after the four
typhoons shows that the alongshore erosion locations were dif-
ferent, typhoons Danas and Tapah eroded the southern part of
the beach most considerably, while erosion resulted from Ampil
and Kong-Rey mainly occurred in the central part of the beach.

4 Discussion

Waves, tides, storm surges, and winds may act on beaches
and interact frequently to modify the geomorphology of the
beach between extreme high and low tide levels (Masselink and
Short, 1993). Beach morphology depends on the deposition, pre-
servation, and transport of sediments under the combined ef-
fects of different wave conditions (e.g., wave height, wave length,
and energy), tides, and currents (Jackson et al., 2017; Komar,
1983). In turn, the dynamics of beach micro-geomorphic fea-
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Fig. 11. Profile volumetric changes of Dongsha beach caused by four typhoons in this study.

tures essentially depend on the breaking wave height, energy, in-
cidence angle and setup, and the existing beach geomorphology
(Ariffin et al., 2019). Tide is an important factor controlling the
shift in the wave action location and the resulting geomorpholo-
gical changes (Butt and Russell, 2000; Sreenivasulu et al., 2017;
Wright and Short, 1984), and the maximum geomorphological
changes in the surf zone are primarily caused by fluctuations in
tidal levels (Masselink and Hegge, 1995; Mujal-Colilles et al.,
2019) and wave dynamics (Brinkkemper et al., 2018). The period
in which the storm peak is located within the tidal cycle also af-
fects the impact of the storm on the beach (Anthony, 2013; Mas-
selink et al., 2016). Dramatic topographic changes at the upper
beach can enhance reflectivity in the surf zone, while only break-
ing waves act within the wider surf zone at low tide (Wright and
Short, 1983). In addition to the aforementioned forces, there has
been a remarkable increase in impacts of human activities on
beaches in recent years (Guo et al., 2020; Kaczkowski et al., 2018;
Seymour et al., 2005). The beach response to storm event is a res-
ult of a combination of factors, and it is difficult to screen or strip
the influence of one factor (Coco et al., 2014). In this study, using
the data from field campaigns and the collected typhoon charac-
teristics, we focused on the influences of beach topographic state
before the typhoon, the typhoon characteristics, and the tidal
condition on the beach response to the typhoon events.

4.1 Impact of beach topographic state before typhoon event

The topographic state of beach before a storm affects the
beach response to storms (Wright and Short, 1984). Waves are
not the only controlling factor of beach response to storms, as the
process of breaking and deformation of nearshore waves into
shallow water works in conjunction with the beach topography
before the storm (Coco et al., 2014). The state of beach topo-
graphy varied before and after the four typhoons. Beach berm ex-
isted in the southern part before typhoons Danas and Tapah
(Figs 10c, d), while the beach was flat without berm before
typhoons Ampil and Kong-Rey (Figs 10c, d). Profiles with beach
berms before typhoon events always showed the disappearance

Table 3. Beach states before typhoons and the beach responses to

of berms, while those without beach berms showed a similar flat
shape and lower elevation. The beach slope before typhoon had
a tendency to gradually increase over the year, however, with the
constant erosion under the influence of typhoon, the slope was
getting steeper and steeper.

Beach nourishments can make large-scale nearshore disturb-
ances that affect the sediment transport balance of the beach,
and then influence the topographic state (Dean, 1983; Elko and
Wang, 2007; Kaczkowski et al., 2018; Li et al., 2022; Seymour et al.,
2005). Placing large volumes of sand on the subaerial beach can
result in the unnaturally steep profile, causing large offshore
transports and a rapid decrease of the beach width (de Schipper
etal., 2021). The borrowed sediments may need time to adjust to
the local environment and to be redistributed by the hydro-
dynamics. Moreover, the initial sand placement area may be
eroded the fastest in the months after nourishment project, espe-
cially during the first few storms (Elko and Wang, 2007; Lu-
ijendijk et al., 2017). The last nourishment on Dongsha beach
was implemented on May 18, 2017 (Guo et al., 2020), and the
time interval from the last nourishment to the days right after the
four typhoons were 429 d, 505 d, 792 d, and 856 d, respectively
(Table 3). In general, super typhoons can cause stronger hydro-
dynamics than severe tropical storms, which in turn causes more
severe beach erosion. However, tropical storm Ampil caused a
similar erosion as super typhoon Kong-Rey, indicating that the
time interval between the typhoon and the last beach nourish-
ment may also affect the morphological changes of Dongsha
beach.

4.2 Impact of typhoon characteristics

The four typhoons affected the study area with different dura-
tions, peak H,, and main wave directions, which may be a
primary reason for the difference captured in the beach re-
sponses to typhoons. Kong-Rey and Danas had the longest (21 h)
and shortest (10 h) durations, respectively, showing that the
longer the duration of the typhoon impact, the greater the beach
erosion. The relationship between typhoon intensity and beach

typhoons

Typhoonname Berm existence Slope before typhoon Slope after typhoon D;Zflrfir;)ﬁ; tél;t};ést Mean pmfll?r\r’l(guml?gtrlc change/
Ampil none 1/34 1/29 429 -51.72
Kong-Rey none 2/61 1/27 505 -48.85
Danas southern beach 1/31 1/31 792 -8.01
Tapah southern beach 1/28 2/55 856 -16.77
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erosion was further analyzed by using the storm power index P,
(m2-h) (Dolan and Davis, 1992), which was calculated as: Ps =
H?,. - D,inwhich H_
significant wave height, and D is the duration of “storm condi-
tions” in hours. The storm power indexes of Ampil, Kong-Rey,
Danas, and Tapah are 254.60 m?-h, 399.20 m?-h, 219 m?-h, and
292 m2-h, respectively (Fig. 12a). Typhoon Ampil caused severe
erosion despite its low storm intensity, which may be the result of
the pre-typhoon beach topographic state.

The main wave directions (E, NE, SE, and E; Table 4) during
the four typhoons were wave directions that could directly im-
pact Dongsha beach, resulting in erosion on the subaerial beach
after the four typhoons. Comparing the characteristics of Ampil
and Kong-Rey and the induced profile volumetric changes, we

represents the maximum (peak) storm

found that similar wave directions, different impact durations,
and different H can cause considerable beach erosion, indicat-
ing that typhoon characteristics are not the only influencing
factors. In addition, the sediment data showed that the occur-
rence of successive typhoons had a cumulative effect on the sedi-
ment, especially on the mean grain size and sorting coefficient
(Fig. 6). The analyses of Ampil and Kong-Rey in 2018 and Danas
and Tapah in 2019 showed that a second typhoon occurring in
the same year continued to enhance the effects of the previous
typhoon on sediment coarsening and worsened sorting.
However, no correlation was found between the effects of
typhoons that occurred in different years (2018 and 2019) on sed-
iment, which may be related to beach recovery.

With respect to typhoon tracks, the four typhoons in this
study all exhibited offshore steering according to the classifica-
tion proposed by Wang et al. (2011) and can be classified as caus-
ing strong typhoon precipitation and catastrophic gales in the
study area. Therefore, the difference in the impacts of typhoons
with different tracks on Dongsha beach could not be determined
based on the available data. Cai et al. (2004) found that typhoons
had a more remarkable impact on the beach when the beach is
located on the right side of the typhoon'’s forward direction, caus-

O N
\\ a
L N
D N
8 N ®
g N
B N ®
Qéc 20 |- .
.9 N
): N
L \\
_§ 40 y=-0.154 7x + 13.707 \\\
- R>=0.294 8, P<0.05 .
2 N
=
3 ® °%
=9 \\
N
N
—60 1
0 250 500

Typhoon storm power index/(m?-h)

ing drastic beach changes and erosion. Besides, air pressure and
wind fields during the typhoon event can affect the storm surge
(Kuang et al., 2020) and then further influence the morphologic-
al response of the beach (Han et al., 2022; Liu et al., 2022). More
data need to be collected in future studies to further discuss the
impact of different typhoon characteristics on the beach re-
sponse.

4.3 Impact of tidal conditions

The tide is an important factor controlling the shift in the loc-
ation of wave action and the resulting changes in beach geomor-
phology (Butt and Russell, 2000; Sreenivasulu et al., 2017; Wright
and Short, 1984), and the different combination of high and low
tide levels or spring and neap tides with a typhoon storm may
have various effects on beach morphological changes. Danas af-
fected the study area during high tide, whereas the other three
typhoons affected the study area during low tide (Table 1).
However, regardless of whether the typhoon occurred at high
tide or low tide, the nearshore tidal level did not exceed 2.50 m
during the four typhoons (Fig. 5), which may be the main reason
for the small variation in the beach profile above the 2.50 m elev-
ation (above the high tide level). Beach erosion is usually accom-
panied by lower elevation and flatter slope (Armaroli et al., 2013;
Yin et al., 2019), while Dongsha beach showed a steeper slope for
the subaerial beach year by year. This may be due to the fewer el-
evation changes of beach profiles above the high tide level and
the continuous elevation decrease in the intertidal profiles. With
respect to storm surge, the maximum storm surges caused by
Ampil, Kong-Rey, Danas, and Tapah were 0.69 m, 0.85 m, 0.60 m,
and 0.98 m, respectively, showing no significant correlation
between storm surge and the changes in profile volume
(Fig. 12b). In addition to the difference in tidal range and surge,
the difference between high and low tide processes also has an
impact on beach morphodynamics (Dan et al., 2020; Pang et al.,
2019), and the acquisition of nearshore hydrodynamic data with
higher temporal resolution is needed in subsequent studies.
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Fig. 12. Correlation between typhoon storm power index and profile volumetric change (a), and correlation between typhoon

induced surge and profile volumetric change (b).

Table 4. Different typhoon characteristics and the beach response to typhoons

Mean profile volumetric

Typhoon name Classification Affecting duration/h  Peak H during typhoon/m Main wave direction change/(mm!)
Ampil severe tropical storm 17 3.87 E -51.72
Kong-Rey super typhoon 21 4.36 NE -48.85
Danas severe tropical storm 10 4.68 SE -8.01
Tapah typhoon 18 4.03 E -16.77
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5 Conclusions

In this study, we focused on the typhoon storm response of an
embayed sandy beach, using beach topographies and surficial
sediment characteristics acquired before and after four typhoon
events with varying intensities.

The four typhoons had different impacts on the topography
and sediment characteristics of Dongsha beach. The profile mor-
phologies varied before the four typhoon events, while they all
changed with elevation decrease and steeper slope after the
typhoon. Typhoons Ampil and Danas caused the largest (-51.72
m3/m) and the smallest erosion (-8.01 m3/m), respectively. Re-
markable alongshore patterns of beach profile volumetric
changes were found after the four typhoon events, with more
erosion in the southern and central parts of the beach and few
changes in the northern part. The grain size coarsening and poor
sorting were the main sediment change patterns on Dongsha
beach under the influence of different typhoons. Typhoons that
occurred later in the same year would continue to enhance the
effect of the previous typhoon on sediment coarsening and sort-
ing variability, but this cumulative effect was not found between
typhoons that occurred in different years.

A comparison of the collected data revealed that the beach to-
pographic state before the typhoon, typhoon characteristics, and
tidal conditions were possible reasons for the difference in the re-
sponse of Dongsha beach to typhoon events. Generally, more
severe beach erosion was caused by typhoons with higher intens-
ity levels and longer durations, but human intervention may
make a difference. High tide levels during typhoons can determ-
ine the upper limit of the beach profile erosion site. These results
can help to improve beach management for storm prevention.
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