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ARTICLE INFO ABSTRACT

Keywords: Knowledge of sediment grain size characteristics is important for a better understanding of the morphodynamic
Sediment grain size behavior of beaches worldwide. In this paper, dramatic changes in the grain size of sediments at Yintan Beach,
Variability

South China in response to Typhoon Rammasun (tropical storm no. 1409) were analyzed on the basis of the
collected sediments, beach elevation, and hydrological data from June 1 to July 31. Variations in beach geo-
morphology were interpreted using the digital elevation taken by LiDAR technology, while changes in sediment
grain size were detected by sediment parameters and associated sediment components. The results show that the
sediments of Yintan Beach were nearly pure sand before Rammasun and became coarser and slightly better
sorted with a higher negative skew after Rammasun. The sediment grain size pattern shifted from a high content
(39%) of very fine sand in the lower intertidal zone pre-Rammasun to a high content (76%) of fine sand in the
swash zone post-Rammasun. During Rammasun, wave action was responsible for the main transition of grain size
pattern in the lower intertidal and mid-tidal zones, and tidal level and beach morphology could affect the grain
size distribution of the sandbar and trough in the swash zone. In addition, the increase in the coarse-grained
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fraction in the upper beach and berm was primarily due to wind action.

1. Introduction

Beaches, constituting one of the most valuable coastal landforms, act
as the first barrier against the hydrodynamic forces of waves and cur-
rents. However, beaches around the world face great challenges due to
storm-induced erosion and relative sea-level rise (Nicholls and Caze-
nave, 2010). Therefore, it is of significant importance to detect beach
variabilities in response to extreme storm activities.

In recent decades, investigations regarding different morphody-
namic states under the impacts of storm actions have been conducted
worldwide (Moore et al., 1999; Aagaard et al., 2005; Burvingt et al.,
2017). It has been found that both erosion and progradation are pre-
vailing conditions during high-energy storms (Costas et al., 2005;
Stockdon et al., 2009; Anthony, 2013). The beach in Duck, North Car-
olina suffered dominant offshore sediment transport-induced erosion
during a storm event (Conley and Beach, 2003). On the Mississippi
mainland coast, the backshore areas of East Belle Fontaine Beach

prograded 3-7m and aggraded 20-90cm at several locations after
Hurricane Georges (Otvos, 2004). In addtion, the impacts of storms on
cross-shore bar mobility in intertidal bar-trough systems at beaches have
also been widely researched (Masselink et al., 2006; Dai et al., 2007,
2008; Sedrati, 2007).

Meanwhile, Dissanayake et al. (2015) documented that successive
small storms that occur at close intervals generally lead to increased
damage compared to large isolated storms because the clusters prevent
beach system recovery. Lee et al. (1998) found that beach recovery may
take a period from days to even years, which is based on the hydrody-
namic regime and sediment budget conditions. Moreover, Grottoli et al.
(2017) demonstrated that the beach recovery period may not be deter-
mined by the degree of morphological variations caused by storms. As
the dominant remote sensing technique, LiDAR has been widely used in
earth science research (Stockdon et al., 2009; Tang et al., 2014; Keijpers
et al., 2014), is characterized by high accuracy and resolution and is
capable of accurately quantifying morphological variability caused by
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storms (Duran et al., 2016). Based on this technique, Ge et al. (2017)
demonstrated that there were two transition points during the process of
Yintan Beach recovery on the South China coast, thereby dividing the
recovery into three stages.

Various kinds of factors are crucial in how storms impact beaches.
The extent of beach damage is generally dominated by water level,
storm duration, wave direction and peak wave period, and greater
damage is usually caused by large storm events that cause high waves
(Karunarathna et al., 2014; Cox and Pirrello, 2001). Russell (1993)
noted that the sediment transport direction along beaches is generally
impacted by a combination of three factors—wave velocity asymmetry,
oscillatory infragravity waves and undertow—which cause onshore and
offshore transport. The wave velocity, which causes sediment transport,
is related to the sediment grain size and sorting (McLaren and Bowles,
1985). Meanwhile, simulation of the beach profile evolution is sub-
stantial based on the sediment grain size distribution across beaches
(Gallagher et al., 1998). However, most hydrodynamic and morphologic
coastal modelers assumed that beaches were composed of homogeneous
and well-sorted sand, which deviates from reality (Gallagher et al.,
2011; Gunaratna et al., 2019). The consideration of heterogeneous
sediment behavior has been suggested to improve the coastal
morphology simulation in many studies (Bascom, 1951; Moutzouris,
1989; Dai et al., 2010). Thus, sediment grain size characteristics of
beaches still need to be broadly discussed.

Granulometric analysis of the unconsolidated sediments of beaches
reveals that sediments usually exhibit significant changes both in space
and in time. Grain size data were used as indicators to identify deposi-
tional environments (beaches, dunes, riverbeds, etc.) in early studies
(Friedman, 1961, 1967; 1979; Visher, 1969). Moutzouris (1989) found
that grain size segregation is more evident in the cross-shore direction
than in the longshore direction. The sediment grain size distribution is
dependent on the sediment source, transport mechanism and location in
both the cross-shore and longshore direction (Abuodha, 2003).
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Furthermore, sediment grain size is related to morphodynamic response
because the grain size variation is usually related to the location of the
sediments in a rip current cell. In general, larger grain sizes usually exist
in areas where high-energy dissipation occurs, while smaller ones
emerge elsewhere (Gallagher et al., 2016). In addition, an empirical
orthogonal function (EOF) method has been used to better understand
the grain size distribution in differential energy zones (Liu and Zarillo,
1989) and their response to the relative sea level rise (Zhang et al.,
2014).

Although some studies have paid attention to the variability in
sediment grain size characteristics in response to storm activities, this
topic is far from fully understood. We carried out a study on sediment
grain size characteristic variability in Yintan Beach (a meso-macrotidal
beach) in response to Typhoon Rammasun. In this study, terrain data
and sediment samples in a typical region of Yintan Beach were collected
before and after Typhoon Rammasun. The aims of this paper are as
follows: 1) examine the variability in sediment grain size characteristics
at Yintan Beach before and after Typhoon Rammasun; 2) reveal the
change in the variable pattern of the sediment grain size; and 3) identify
the driving forces affecting the variability in sediment grain size.

2. Physical setting

Yintan Beach, located on the northern coast of Beihai Gulf and open
to the South China Sea, is a meso-macrotidal beach (Fig. 1). The beach is
approximately 13 km in length, and the shoreline is approximately 155°
oblique to the latitudinal direction. Diurnal and irregular semidiurnal
tides along Yintan Beach alternate over spring and neap, respectively.
The maximum spring tidal range can reach 5.36 m, while the mean
spring tidal range is 3.6 m. The beach is further divided into five areas,
namely, the upper beach, berm, swash zone, mid-tidal zone and lower
intertidal zone in the cross-shore direction, according to the local tide
level in this study (Fig. 1). The mean spring tidal current velocity of the
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Fig. 1. (a) Map of Yintan Beach, with the Rammasun track and hydrological stations; (b) Surface sediment sampling sites and transect location (image from Google
Earth); (¢) Schematic profiles of the upper beach, berm, swash zone, mid-tidal zone and lower intertidal zone across the transect.
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flood tide is 0.13 m/s, while that of the ebb is 0.31 m/s (Huang et al.,
2011). Meanwhile, under the impacts of monsoons, the SSW wave di-
rection in summer changes to a NNE wave direction in winter. The mean
wave height in this region is approximately 0.5m (Zhou et al., 2015).
Moreover, it is a common feature for alongshore multibar patterns to be
distributed at the center of the beach.

In summer and autumn, the familiar typhoon, which is a type of
tropical cyclone, can influence beaches through violent winds, waves
and storm surge in local areas. Typhoon Rammasun (tropical storm no.
1409) was the strongest typhoon to pass over the Beibu Gulf since 1949.
It generated in the Northwest Pacific Ocean on July 12, 2014 (GMT+8),
and then moved toward South China in the northwest direction (Fig. 1).
The wind speed increased from an initial value of 18 m/s in the Pacific
Ocean to a peak value of 72 m/s in Beibu Gulf on July 18th, 2014
(GMT+38) (Ying et al., 2014). Thereafter, the violent typhoon caused
great damage to the study area when it passed over Beihai on July 19
(Fig. 2) then gradually dissipated in Yunnan on July 22, 2014.

3. Materials and methods
3.1. Hydrological data collection

There is an offshore hydrological station governed by the State
Oceanic Administration of China (SOA), which is approximately 30 km
away from the study area (Fig. 1). The hourly water level was measured
by a buoy, while the wave height, wave period and wave direction were
measured by a visual observation method. The field operator recorded
the maximum wave height, the maximum wave period and the wave
direction at four given times (8 a.m., 11 a.m., 2 p.m. and 5 p.m.) on each
day, which was determined by the SOA. Therefore, we downloaded the
hydrological data of the study area from June 1 to July 31 from the
China Oceanic Information Network (http://www.nmdis.org.cn/).

3.2. Beach morphology scanning

To detect morphological changes caused by Rammasun, a 3D
terrestrial laser scanner (RIEGL-VZ4000) (http://www.riegl.com/
uploads/tx_pxpriegldownloads/

RIEGL_VZ-4000_Datasheet 2017-09-01.pdf) was used to measure
Yintan Beach morphology before and after Rammasun typhoon. The
laser scanner acquired original scan position data operating at 200 kHz.
Data of the study area from two scan positions were collected before and
after the typhoon. Then, the data were adjusted to the Beijing-54

Fig. 2. Rammasun caused severe damage to Yintan Beach, including a (a)
signpost that fell into the road; (b) almost all branches of a tree being broken;
(c) a gate and sentry box that were blown down; and (d) a tree that collapsed
from the root. (Photo time: July 20th, 2014).
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coordinate system and national height datum 1985 of China with the
RISCAN PRO software. There were approximately 516 laser points per
square meter within 150m of the scan position that were used to
guarantee high resolution and accuracy. Thereafter, the digital elevation
models (DEMs) before and after Rammasun were built in ArcGIS 10.2
based on the point-cloud dataset. The DEM has a high vertical and
horizontal resolution of 5cm and high accuracy, and the measuring
error was controlled within 20 mm (Ge et al., 2017). Finally, the beach
morphology changes in response to Rammasun were detected by a dif-
ference analysis of the two DEMs.

3.3. Beach sediments sampling and analysis

To understand the sediment dynamic process before and after
Rammasun, 162 sediment samples along 10 transects of the beach were
collected (on July 12 and 20, 2014) (Fig. 1). All the sediment samples
were taken nearly 1-2 cm below the beachface. The interval between the
two adjacent transects was approximately 30 m, while two adjacent
sediment sites in one transect had an interval of approximately 15 m.

In the laboratory, salt absorbed on the sediments was leached, and
then the grain size analysis of each sediment sample was conducted by a
multifunctional particle size analyzer (Camsizer XT), which is the most
advanced dynamic digital imaging particle size analyzer. Designed by
Retsch Technology in Germany based on 1SO13322-2, Camsizer XT is
characterized by dual CCD imaging technology, with B-CCD recording
the size and shape of large particles and Z-CCD recording those of small
particles (Anonymous, 2013). Moreover, Camsizer XT is the optimal
analyzer to analyze the particle size of Yintan Beach sediments, as it can
obtained detailed data and reveal fine differences in the particle sizes in
space and in time.

Based on the measurements of each sample, the parameters of the
mean grain size (u), sorting coefficients (¢) and skewness (SK) were
calculated by the statistical moment method (McManus, 1988). The
sediment components of all samples were strictly calculated according
to the particle size distribution classification scheme, which was
released by the academic authority — American Geophysical Union
(Lane, 1947). Then, the spatial distributions of the grain size parameters
and components before and after Rammasun were analyzed. Moreover,
to detect the changes in grain size parameters and components in the
five zones, a comparison of the parameters and components in a typical
transect (the third transect) before and after Rammasun was made.

4. Results
4.1. Variations in the nearshore hydrological conditions

There were eight other tropical cyclone tracks that were generated
before Rammasun in 2014 in the Asia-Pacific region (Auxiliary material,
Fig. S1). Rammasun was the first tropical cyclone that passed over the
study area in 2014, and none of the other cyclones affected the study
area before Rammasun. Furthermore, the annual mean significant wave
height each month was no more than 1 m, while the mean wave period
was less than 4 s (Auxiliary material, Fig. S2). Therefore, the beach state
before Rammasun can be regarded as an accurate representation of fair-
weather conditions.

Fig. 3a shows the hourly water level and storm surge level in the
nearshore zone from June 1 to July 31, covering approximately four and
a half lunar tidal cycles. It can be seen that the minimum and maximum
water levels, which occurred during the spring tide period, reached
58 cm and 518 cm, respectively (the depth reference is the Yellow Sea
datum of China). Typhoon Rammasun arrived at the study area at the
beginning of the neap tide on July 19. The storm caused an obvious
small surge (red line) with a maximum amplitude of nearly 170 cm.
During the storm surge, the maximum water level reached 392 cm in the
study area (Fig. 3a).

Before Rammasun, the daily maximum wave height ranged from 0.3
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Fig. 3. Hydrological regime in the study area during June 1 - July 31: (a) observed hourly water level and storm surge level; (b) daily maximum wave period; (c)
daily maximum wave height and significant wave height; (d) daily wave direction; (e) daily maximum wind speed; and (d) daily wind direction.

to 0.9 m, while the significant wave height ranged from 0.2 to 0.6 m. The
daily maximum wave period varied from 1.8 to 3.5, and the dominant
wave direction was southwesterly from June 1 to July 18 (Fig. 3b, c and
3d). There were no waves greater than 1 m in the preceding 48 days
before Typhoon Rammasun. The daily maximum wind speed from June
1 to July 18 varied from 3.1 to 12.7 m/s, and the dominant wind di-
rection was southwesterly and southeasterly. On July 19, when the
typhoon began to impact Yintan Beach, the maximum wind speed was
approximately 50 m/s with an ENE wind direction (Fig. 3e and f). At the
same time, the maximum wave height in the local sea area increased to
4 m, and the significant wave height rose to 3 m with the dominant wave
direction turning to the south, and the maximum wave period reached
6.4 s (Fig. 3b, c and 3d). After Rammasun, the maximum wind speed on
July 20 immediately decreased to 5.8 m/s, while the maximum wave
height decreased to 0.7 m with the dominant wave direction returning to
the southwest, and the maximum wave period declined to 3.2 s (Fig. 3b,
c and 3d).

4.2. Beach morphological changes

There were clearly morphological changes in Yintan Beach following
Rammasun making landfall. Two separate sandbars were found in the
swash zone, where the sandbar crests were nearly parallel with the
shoreline before Rammasun (Figs. 4a and 5a). However, under the im-
pacts of Rammasun, sediments infilled the channel between the previous
sandbars so that the 2 bars transformed into one larger sandbar after the
typhoon, with the ridge presenting a slightly crooked configuration and
a relatively flat swash zone along the beachface (Figs. 4b and 5b).

Meanwhile, the distribution of slope degree along the Yintan Beach is
shown in Fig. 6. Before Rammasun, the beach slope was approximately

Sanbar il

Sandbar

Fig. 4. The alongshore sandbars at Yintan Beach before and after Rammasun.
(a) Photo taken on July 18, 2014; (b) photo taken on July 20, 2014.

1.5° in the lower intertidal zone, and quite steep in the toe of the
sandbars. The rest of the beach was almost flat (<0.5°) (Fig. 6a).
However, the impact of Rammasun generated dramatic changes in the
beach slope. Due to the variation in the previous two sandbars, the steep
slope in the toe of the sandbars disappeared, while in the lower intertidal
zone, the slope was steeper (>2°) than it was before Rammasun
(Fig. 6b).

Furthermore, although slight erosion and accretion (ranging from —2
cm to 2 cm) were observed alternatively in most of the study area, there
were severe erosion (<-6 cm) and accretion (>6 cm) zones. Specifically,
the area with over 10 cm of erosion existed in the lower intertidal zone,
whereas the area with accretion intensity approaching 25cm was
detected in the previous toe of the sandbars (Fig. 6¢).

4.3. Variations in sediments grain size

4.3.1. Grain size parameters before Rammasun

Based on the of sediment sample measurements on July 12, it can be
found that there were clearly distinct characteristics in the grain size
parameters from the upper beach to the lower intertidal zone (Fig. 7).
Fig. 7a indicates that the distribution of the mean grain size (u) before
Rammasun ranged from 2.1¢ to 3.0¢. The coarse fraction (2.1¢) existed
in the upper beach around the backshore dune, while the relatively fine
fraction (3.0¢)) was distributed over the lower intertidal zone. In add-
tion, in the third transect, the mean grain sizes in the five zones from the
upper beach to the lower intertidal zone were approximately 2.4¢, 2.4¢,
2.5¢, 2.6¢) and 2.8¢ (Fig. 8a). This means that the mean grain size (u)
increased from the upper beach to the lower intertidal zone, suggesting
that the surface sediment grain size became finer in the seaward
direction.

The distribution of the sorting coefficient (6) before Rammasun
ranged from 0.37 to 0.85 (Fig. 7c). The better sorting fraction with a
relative low value (nearly 0.4) emerged in the swash zone where the
sandbar was located, while the relatively worse sorting fraction was
located in the upper beach and lower intertidal zone. This means that
sediments sorting improved from upper beach to the swash zone and
worsened from the swash zone to the lower intertidal zone in the
seaward direction, which is consistent with Fig. 8b.

Meanwhile, Fig. 7e shows that the distribution of skewness before
Rammasun ranged from —0.31 to 0.08. The sediments skewness in the
lower intertidal zone presented a negative value, which suggested the
concentration of the fine-grained fraction, while in the swash zone and
berm, the skewness almost approached zero, indicating that the
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Fig. 5. Distribution of slope degrees at Yintan Beach (a) before Rammasun and (b) after Rammasun.
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Fig. 6. 3D morphological changes in Yintan Beach before and after Rammasun.
(a) Before Rammasun; (b) after Rammasun; (c) erosion and accretion evolution.
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Fig. 7. Distributions of sediment grain size parameters. (a) Mean grain size
before Rammasun; (b) mean grain size after Rammasun; (c) sorting coefficient
before Rammasun; (d) sorting coefficient after Rammasun; (e) skewness before
Rammasun; (f) skewness after Rammasun.

sediment frequency nearly followed a Gaussian distribution (Fig. 8c). In
addition, positive skewness was detected in the two transects in the
eastern part of the study area.

4.3.2. Grain size parameters after Rammasun
It can be revealed that the distribution of the mean grain size (u)
ranged from 2¢ to 2.7¢ based on the measurement of samples on July

20, indicating that the surface sediment generally became coarser after
Rammasun (Fig. 7b). The coarse fraction (2¢) still located in the upper
beach area around the backshore dune, while the fine fraction in the
lower intertidal zone turned to be 2.7¢, which was coarser than that
before Rammasun. Moreover, the mean grain sizes in the five zones of
the third transect were approximately 2.3¢, 2.3¢, 2.4¢, 2.5¢ and 2.6¢
from the upper beach to the lower intertidal zone, which indicated that
the mean grain size of sediments along the beach was generally larger
after Rammasun (Fig. 8a). In total, the mean grain size (4) became larger
from the upper beach to the lower intertidal zone, while the grain size
generally turned coarser after Rammasun.

The distribution of sorting coefficient (¢) after Rammasun ranged
from 0.35 to 0.7 (Fig. 7d). The better sorting fraction with a relatively
low value emerged in the swash zone where the sandbar was located.
The mean value of the sorting coefficient in both the swash zone and
mid-tidal zone was approximately 0.4, which was obviously lower in
comparison with that during the pre-Rammasun stage. In general, post-
Rammasum sediments on the beach were mostly better sorted than those
before Rammasum, while the sorting was better sorted from the upper
beach to the swash zone and worsened from the swash zone to the lower
intertidal zone in the seaward direction (Fig. 8b).

In addition, the distribution of skewness after Rammasun also
changed obviously. Fig. 7e shows that the skewness ranged from —0.35
to 0.07. In the third transect, sediment skewness mostly increased after
the typhoon in these zones on the beach except for the berm, indicating
an increase in the percent of the coarse-grained fraction (Fig. 8c). The
area with zero skewness sediments shifted from the swash zone and
berm to the mid-tidal zone. In the lower intertidal zone and upper beach,
sediment skewness was still negative, but increased to —0.06 and —0.08
(Fig. 8c).

4.4. Variations in sediment components

4.4.1. Distribution of sediment components before Rammasun

Sediments on Yintan Beach are composed of sand and silt, and we
further divided the samples into nine components, ranging from very
fine silt to very coarse sand (Fig. 9). The max silt component content was
less than 3% before Rammasun, and the mean sand component content
was more than 98% (Table 1), which indicates that sediments of Yintan
Beach is nearly pure sand.

Furthermore, very fine sand (VFS), fine sand (FS) and medium sand
(MS) accounted for 19%, 63% and 15% respectively, of the sediments
(Table 1). In the third transect, it can be found in Fig. 8a that the VFS
content of the berm was lower than that of the upper beach, while it was
higher in the seaward direction from the berm to the lower intertidal
zone. Meanwhile, the FS content of the berm was higher than that of the
upper beach and lower from the berm to the lower intertidal zone
(Fig. 8b). There was no significant spatial variation pattern in the MS
fraction content, which exhibited the highest value at the berm (Fig. 8c).
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4.4.2. Distribution of sediment components after Rammasun

With the impact of Rammasun the mean silt component content
decreased to 0.46% (Table 1). In contrast, the mean sand component
content increased to 99.54%, which was more than that before Ram-
masun. This indicated that the sediments of Yintan Beach transformed
into purer sand after Rammasun.

Moreover, dramatic variations in the distribution of the beach sedi-
ment components were discovered. There was a significant decrease in
the VFS fraction (Fig. 9), especially in the lower intertidal zone of the
third transect, where the content decreased from 39% during pre-
Rammasun to 17% during post-Rammasun, and the mid-tidal zone,
where the content decreased from 28% to 12% (Fig. 8a). Instead, the
content of the FS fraction in the lower intertidal and mid-tidal zones
increased from 49% to 70% and from 58% to 76%, respectively. In
addtion, in the upper beach around the backshore dune, an increase in
the MS fraction and a decrease in the coarse sand (CS) fraction were
observed (Fig. 9). In general, the distribution pattern of beach sediment
components changed greatly compared to that before Rammasun. Spe-
cifically, the VFS fraction and FS fraction in the five zones were
distributed more uniformly (Fig. 8a and b). The MS fraction content
decreased from the upper beach to the swash zone, but increased from
the swash zone to the lower intertidal zone in the seaward direction. The
fractions of coarse sand and very coarse sand both accounted for a small
proportion. In summary, the changes in the composition of sediment
implied a coarsening process in the sedimentary environment due to
Rammasun induced changes in dynamic action.

5. Discussion

Although grain size analysis is a traditional method, it can clearly
reveal the sensitivity of grain size parameters and composition in
different zones of the beach in response to typhoons. In addition, the
combination of traditional methods and LiDAR technology can deepen
our understanding of beach processes in extreme events and promote the
development of beach morphodynamics. Here, we explore the dominant
influencing factors in the following four aspects.

5.1. Impact of tide level

The tide level during the peak of the storm plays an important role in
modifying the local coastal sedimentary environment, as it can affect the
range of storm impact. Storm events that occur during astronomical tide
are usually one of the main reasons why beaches experienced serious
erosion and shoreline retreat over almost the entire beach length, such
as along the European Atlantic coasts (Anthony, 2013; Masselink et al.,
2016; Burvingt et al., 2017). However, Rammasun hit Yintan Beach
during a neap tide period (Fig. 3a). Rammasun arrived at the beginning
of neap tide on July 19 and caused a short-term surge, when the water
level was lower than the mean high water level of the spring tide.
Consequently, the surge energy was not as sufficient as that along the
European Atlantic coasts, and only generated slight beach erosion, with
a peak intensity of erosion less than 0.25 m (Fig. 6¢).

Due to the neap tide level during Rammasun, the sediment grain size
characteristics in the lower intertidal, midtidal and swash zones changed
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Fig. 9. Comparison of grain size parameters and components before and after Rammasun. (a) Percent volume of very fine sand (bottom) and mean grain size (top);
(b) percent volume of fine sand (bottom) and mean grain size (top); (c) percent volume of medium-size sand (bottom) and skewness (top).

Table 1

Mean percentage of each component of silt and sand before and after Rammasun.

Mean silt content (%)

Mean sand content (%)

Very fine silt Fine silt Medium silt Coarse silt Very fine sand Fine sand Medium sand Coarse sand Very coarse sand
Before Rammasun 1.79 98.21

0.01 0.05 0.24 1.49 18.57 63.02 15.09 1.39 0.14
After Rammasun 0.46 99.54

0.00 0.03 0.09 0.34 10.84 70.62 16.77 1.17 0.14

more dramatically than that in the berm and upper beach (Fig. 7). The
variability in the mean grain size was most significant in the lower
intertidal zone where intense erosion also occurred (Fig. 7a and b).
Compared to the lower intertidal zone, the mean grain size in the berm
and upper beach showed little change. Hence, the variations in the
sediments grain size characteristics of Yintan Beach were inhomoge-
neous. In general, when the wave action imposed on the water level
reached the swash zone, i.e., the farthest area it can affect, the tide level
controlled the beachface evolution.

5.2. Impact of wave action

Storm-induced significant beach variation can generally be attrib-
uted to hydrodynamic forcing, such as wave, tide and storm surge
forcing (Loureiro et al., 2012). Usually, the distribution of sediment
grain size reflects hydrodynamic variation (Friedman, 1979). The waves
become unstable and break in the breaking zone; thereafter, there is a
sequence of swash run-up and run-down, which is accompanied by the
dissipation of wave energy. Hence, wave action is undoubtedly the
dominant factor that affected the sediment grain size characteristics of
Yintan Beach during Rammasun.

Under fair-weather conditions, due to the wave asymmetry breaking
in shallow water, the onshore motion is both longer and stronger than

the offshore motion (Pang et al., 2019). As a consequence, onshore
sediment transport is higher than offshore transport, while the
wave-orbital motion stirs the sediments back and forth in the bed. Sand
is thereby aggraded along the shoreline, and the beach is effected by this
mechanism (Dronkers, 2005). There are usually two significant sedi-
ment types in beaches: finer well-sorted sediments and coarser poorly
sorted sediments, where both are coarsely skewed. The finer well-sorted
sediment fraction was mainly transported in the seaward and landward
directions depending on the wave intensity, while the coarser, poorly
sorted sediment generally appeared near the shoreline, which is a highly
energetic zone (Gunaratna et al., 2019).

Since Typhoon Rammasun was the most violent typhoon that passed
the Beibu Gulf since 1949, the wave caused by the typhoon was
considered the most energetic in the past decades. Before Rammasun,
the mean grain size of surface sediment at Yintan Beach became finer in
the seaward direction, and the very find sand fraction reached nearly
40% in the lower intertidal zone. Due to the increased wave height
superimposed on the tidal level, the very fine sand component of the
sediments was washed away by a strong reversing current, especially in
the lower intertidal zone, resulting in an obvious erosion in this zone
(Figs. 6 and 9). Furthermore, with the rising tidal level, the increase in
water depth resulted in a landward shift in the breaking point (Zhang
et al., 2014). Such a shift reduced the bottom friction in the previous
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depth and amplified the effects of wave action and tidal currents in the
subsequent location, inducing a decrease in the very fine sand compo-
nent and an increase in the fine sand component in the lower intertidal
and mid-tidal and swash zone (Fig. 8). In general, the beach experienced
retreating in the landward direction in response to the wave action
caused by Rammasun.

5.3. Impact of beach morphology

Many studies have claimed the importance of taking the heteroge-
neous distribution of sediments into consideration to improve the
analysis of the coastal morphology (Holland and Elmore, 2008; Gal-
lagher et al., 2011; Jiang et al., 2015), as cross-shore grain size variation
was an important factor in the simulation of sediment transport and
morphological evolution (Gallagher et al., 1998). In turn, the beach
morphology also influences sediment transport and the distribution of
grain size characteristics.

Sediment grain size usually differs in various beach morphology
units, which related to the hydrodynamic energy environment (Mason
and Folk, 1958; Friedman, 1961; Visher, 1969; Stapor and Tanner,
1975). Coarser sediment generally exsits in the bar trough and breaking
zone where high-energy dissipation happens, while finer sediment is
carried away offshore and concentrated elsewhere (Jiang et al., 2015).
Based on the classification of Masselink and Short (1993), the dimen-
sionless fall velocity (Q) of Yintan Beach is 3.3, and the relative tidal
range (RTR) is 8.8, which indicates that it is an ultra-dissipative beach
(Qi et al., 2010). In contrast to the common patterns of other beaches,
the mean grain size of surface sediments at Yintan Beach became finer
from the upper beach to lower intertidal zone both before and after
Rammasun, and the best sorted sediments were observed in the swash
zone where the sandbar was located. This was probably attributed to the
beach slope. Before Rammasun, there was a balance between the wave
asymmetry-induced net onshore transport and the slope gravity-induced
net offshore transport (Dronkers, 2005). Under the high-energy envi-
ronment of typhoon action, the balance was broken and a larger gradient
of the beach slope was formed to reach a new balance (Fig. 5), resulting
in very find sand fraction transport in the lower intertidal and mid-tidal
zones.

Comparison of the beach morphology captured by the 3D terrestrial
laser scanner at different times showed morphological changes (Fig. 6).
The most serious erosion occurred in the lower intertidal zone, with an
average erosion intensity of approximately —10 cm, while the most
serious accretion was detected in the previous toe of the sandbars, with a
peek accretion intensity of approximately 25 cm. Before Rammasun, the
sediment grain size and sorting were different in the bar and trough.
During Rammasun, waves broke on the bar, and energy was converted
via morphological change as a consequence of feedback. The sediments
were winnowed in this area and settled down to fill up the toe of the two
previous sandbars, which caused the two separate sandbars to turn into
one larger sandbar and the swash zone of the beach became flatter after
the typhoon. As a consequence, the mean grain size of the sediments in
both the previous bar and trough increased, and sediments in this area
became better sorted after Rammasun. Apparently, relatively unserious
morphological changes can be induced by minor sediment transport
with obvious variability in sediment grain size characteristics.

5.4. Impact of wind action

For several decades, Rammasun was the most violent typhoon that
impacted Yintan Beach. The severe storm passed over the study area
with a maximum wind velocity of 72 m/s and an average wind velocity
of approximately 50 m/s. Since the typhoon occurred in the neap tide
period, the upper beach around the backshore dune and the berm were
still exposed to air even at high tidal levels (Fig. 3a). However, sediment
grain size characteristics of the upper beach and berm also changed,
where the mean grain size was slightly coarser and the sediments
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became better sorted in response to Rammasun, even without hydro-
dynamic effects. Therefore, strong wind action dominated the variation
in the grain size characterisitics of the upper beach and berm.

Previous grain size analysis has demonstrated that dune sands that
lie in aeolian environments are better sorted and often finer than beach
sands (Friedman, 1961; Goldsmith, 1985; Hartmann, 1991). Gallagher
et al. (2011) noted that the amount of fine sediment was high in the
upper area of the beach, where wind was the main dynamic factor
transporting sediment. Pye (1991) concluded that the aeolian sand in
northwest England are poorly sorted, while beach sediments are
fine-grained and well sorted, by observing the grain size distributions at
the beaches and dunes.

In this research, the distribution of sediments in the berm and upper
beach is similar to the distribution of sediments at the beach in north-
west England (Fig. 7). According to the variations in sediment compo-
nents before and after Rammasun, the amount of medium sand in the
berm and upper beach increased, which was accompanied by a decrease
in very find sand. It could be concluded that during Typhoon Ramma-
sun, the finer particles were selectively transported from the upper
beach and berm zone to the foredune where the sand was trapped. The
process left a coarser sand component in these two areas, leading to
coarse grade and good sorting, eventually resulting in slight erosion in
response to wind action.

6. Conclusions

Based on hydrogeomorphological measurements and samples at
Yintan Beach before and after Typhoon Rammasun and subsequent
laboratory analysis of the sediments, we reveal the changes in the var-
iable pattern of the sediment grain size and identify its potential driving
forces. Before Rammasun, the sediment grain size became finer from the
upper beach to the lower intertidal zone in the seaward direction. After
Rammasun occurred, the sediments were generally coarser, slightly
better sorted and with a higher negative skew. The pre-Rammasun grain
size pattern mainly had a high content (39%) of very fine sand in the
lower intertidal zone. Under the impact of Rammasun, the pattern
transformed into a high content (76%) of fine sand in the mid-tidal zone.
During Rammasun, wave action was the dominant factor that controlled
the main pattern change in the lower intertidal and mid-tidal zones,
while the wind action induced slight coarsening of the sediments in the
berm and upper beach.
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