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Abstract: This study presents an in-depth analysis of the dynamic beach landscapes of Hainan
Island, which is located at the southernmost tip of China. Home to over a hundred natural and
predominantly sandy beaches, Hainan Island confronts significant challenges posed by frequent
marine natural disasters and human activities. Addressing the urgent need for long-term studies of
beach dynamics, this research involved the use of CoastSat to extract and analyze shoreline data from
20 representative beaches and calculate the slopes of 119 sandy beaches around the island for the
period from 2013 to 2023. The objective was to delineate the patterns of beach evolution that contribute
to the prevention of sediment loss, the mitigation of coastal hazards, and the promotion of sustainable
coastal zone management. By employing multi-source remote sensing imagery and the CoastSat tool,
this investigation validated slope measurements across selected beaches, demonstrating consistency
between the calculated and actual distances despite minor anomalies. The effective use of the finite
element solution (FES) in the 2014 global tidal model for tidal corrections further aligned the coastlines
with the mean shoreline, underscoring CoastSat’s utility in enabling precise coastal studies. The
analysis revealed significant seasonal variations in shoreline positions, with approximately half of the
monitored sites showing a seaward progression in summer and a retreat in winter, which were linked
to variations in wave height. The southern beaches exhibited distinct seasonal variations, which
contrasted with the general trend due to differing wave impacts. The western and southern shores
showed erosion, while the northern and eastern shores displayed accretion. The calculated slopes
across the island indicated that the southern beaches had steeper slopes, while the northern areas
exhibited more pronounced slope variations due to wave and tidal impacts. These findings highlight
the critical role of integrated coastal management and erosion control strategies in safeguarding
Hainan Island’s beaches. By understanding the mechanisms driving seasonal and regional shoreline
changes, effective measures can be developed to mitigate the impacts of erosion and enhance the
resilience of coastal ecosystems amidst changing environmental conditions. This research provides a
foundational basis for future efforts aimed at the sustainable development and utilization of coastal
resources on Hainan Island.

Keywords: coastal evolution; decadal variations; shoreline detection; tidal correction

1. Introduction

Beaches are an integral component of coastal zones worldwide, as they are the areas
where land meets the sea [1,2]. The shorelines of beaches undergo dynamic changes due to
the processes of coastal erosion, river inputs, and sea level rise [3,4], holding significant
importance for studies on marine environment protection, marine resource exploration,
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and disaster risk assessment [5,6]. Furthermore, changes in the natural environment,
along with intensified human activities, contribute to the trend of these changes. For
instance, changes in sediment load due to altered river flows can profoundly affect sediment
deposition patterns along river deltas or downstream coastal erosion rates [7]. Furthermore,
tsunami waves triggered by submarine landslides can have diverse impacts on coastal areas,
including coastal erosion, wave impact, and changes in coastal topography [8]. Therefore, it
is essential to comprehend the reasons for shoreline changes, as they affect the preservation
and management of coastal ecosystems, the estimation of natural disaster risks, the design
of marine engineering projects, and the sustainability of the tourism industry [9-11].

The comprehensive and systematic collection of measurement data on the dynamic
changes in shorelines is the foundation for understanding beach dynamics [12,13]. The
law of the evolution of shorelines at different spatial and temporal scales has been a
much-studied problem in the field of coastal engineering in recent years. However, due to
the lack of historical beach topography monitoring data with high spatial and temporal
resolutions, it is often difficult to conduct long-term beach evolution studies. Therefore, it is
of great practical significance to strengthen the acquisition of multi-source beach monitoring
data. Traditional shoreline surveying techniques include shoreline measurement, aerial
photography, and laser-based measurement [14]. Shoreline measurement can provide
high-precision shoreline data, but it is labor-intensive and costly, and it is usually only used
for short periods or small survey areas. Aerial photography and laser-based methods are
expensive and require specialized aircraft or equipment for data collection. Furthermore,
data processing and decoding also require significant technical and resource investment,
adding to the cost burden [15,16].

To overcome these limitations, remote sensing technology has been adopted as an effi-
cient alternative for analyzing coastline changes. With the accumulation of high-resolution
satellite images and advancements in observation technology and coastal evolution theory,
it is now possible to obtain a large amount of high-frequency coastline data. Platforms such
as Google Earth Engine offer access to resources such as the Landsat series and Sentinel-2,
facilitating the comprehensive study of shoreline dynamics [17,18]. However, extracting
shorelines from diverse remote sensing data sources necessitates a thorough consideration
of the spectral characteristics of remote sensing images to ensure compatibility with shore-
lines” image characteristics in varying geographical environments. The core challenge lies
in identifying and locating the pixels marking the boundary between land and water [19],
with the current extraction methods including threshold segmentation, edge detection,
object-oriented methods, and region growing [20-22]. In addition, recent advancements in
data-driven approaches have led to the development of innovative models for predicting
changes in natural water boundaries. For instance, Yin et al. proposed a lake boundary
change prediction model that combines U-Net and LSTM. This method enables the model
to automatically capture trends in time series data and extract deep information regarding
changes in lake boundaries. By leveraging such cutting-edge techniques, researchers can
enhance their understanding of coastal and aquatic environments, contributing to more
accurate and comprehensive analyses of shoreline dynamics and water body changes [23].

Several studies have leveraged remote sensing images to extract and analyze shore-
lines. For instance, Murray et al. [24] analyzed changes in beach erosion and accretion
by monitoring the dynamics of the southwestern shoreline of South Africa and predicted
its changes until 2040. Using optical remote sensing data (Landsat-7 ETM and Landsat-8
OLI) and radar data (ALOS Palsar and Sentinel-1 data), changes in the shoreline of East
Java Province, Indonesia, were quantified using the Digital Shoreline Analysis System
(DSAS) [25].

In recent years, the evolution of coastlines at different spatial and temporal scales has
become a hot topic in coastal engineering research. In their study on Hainan Island, Wang
et al. [260] assessed coastal vulnerability and analyzed the trends of surface sediment grain
size. The grain size data, which were collected from a comprehensive survey of the entire
island, provided information on grain size trends and sediment transport, allowing for the
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determination of whether the coastline was experiencing erosion or accretion. Additionally,
Su et al. [27] conducted a comprehensive evaluation of coastal erosion risk on Hainan
Island by considering factors such as the coastline change rate, coast type, beach slope,
beach width, development status, and human activities. However, long-term studies
on beach evolution have faced challenges due to insufficient historical beach data. To
address this issue, this study made full use of remote sensing technology to conduct a
long-term investigation of the beaches surrounding Hainan Island from 2013 to 2023. By
automatically extracting the coastline, we revealed the trends of beach evolution and
conducted an in-depth analysis of the erosion and deposition processes, providing data
support for the understanding of the recent evolutionary characteristics of Hainan Island’s
beaches. Through this research, we can not only effectively prevent the loss of coastal
sediments, mitigate coastal hazards, and strengthen coastal protection, but also promote
the sustainable development of Hainan Island. This integrated approach utilizing different
research methods provides valuable references for a more comprehensive understanding
and management of coastline evolution.

2. Materials and Methods
2.1. Study Areas

Hainan Island is located between 108°37" and 111°03’ E and between 18°10" and
20°10" N (Figure 1) [28]. It is the second largest island in China after Taiwan, with a land
area of about 33,920 km?. Hainan Island has a tropical climate, rich biodiversity, and
beautiful beaches; therefore, it is also known as a popular tourist destination. Due to
its developed beach tourism resources and frequent human activities, beaches play an
important role in Hainan’s economic growth. Due to this, the topic of how Hainan Island’s
beaches or coastlines evolve has attracted a lot of interest.
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Figure 1. Location of (a) Hainan Island, with the study area depicted by the red box. (b) Distribution
of the locations of beaches selected for this study, which are indicated by red triangles.

The coastal erosion of Hainan Island is mainly caused by waves and storm events.
The spatial distribution of the wave direction and wave height is consistent in the offshore
waters of the eastern and southern coasts, but there are large seasonal variations. In spring
and summer, the dominant waves are SSE-directed and have a height of less than 0.8 m,
while in autumn and winter, the dominant waves are ENE-directed and have a height of
more than 1.0 m. The offshore waters of the west and north have a low wave height of less
than 0.8 m and small seasonal changes.
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The tidal regime is another hydrodynamic factor to be considered because the water-
line position in satellite snapshots is highly correlated with tidal fluctuations. Depending
on the location, the tidal range around Hainan Island varies from 0.5 m to 2 m, and the
tides are irregularly diurnal or semi-diurnal. According to historical data, the average tidal
range is about 0.5 m to 1 m on the eastern and southern coasts [29], while itis 1.5 m to 2 m
on the western coast. The tidal currents are generally weak, except in some areas where the
topography or upwelling creates stronger flows [30].

Sandy beaches are the main focus of this study, and they mostly occur in the western
and southern parts of Hainan Island due to their topography and geomorphology. The
northern part has fewer sandy beaches, and most of them are sandy bedrock beaches.

2.2. Data Sources
2.2.1. Satellite Imagery Sources

Beach changes in Hainan are complex and influenced by various factors, such as
tidal type, wave erosion, and human activities. To describe and understand the long-term
evolution of beach morphology and sediment dynamics, it is essential to use long-term
high-resolution satellite data. In this study, the core idea was the use of a large number
of instantaneous satellite images at the same location to reflect beach evolution. We used
Landsat-8 and Sentinel-2 as the main data sources and obtained thousands of images from
2013 to 2023 through a multi-source remote sensing pathway. We analyzed the variations
of 20 representative beaches in Hainan under different conditions (Figure 1); these beaches
were unevenly distributed in various directions around the island. The number of satellite
images obtained year by year is shown in Figure 2.
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Figure 2. The amount of shoreline data extracted from 20 typical beaches around Hainan Island.
Refer to Figure 1 for the locations of the beaches.
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2.2.2. Datasets for Validation and Tidal Correction

To validate the accuracy of the satellite extraction, we used the in situ topography data
from a typical beach as a reference. The in situ data were collected in May 2017 using a
Real-Time Kinematic (RTK) system. Since the satellite images were acquired at different
times and tidal levels, which could affect the shoreline position and beach morphology, we
applied a tidal correction method to adjust the satellite data to a common tidal datum.

FES2014 provided the tide dataset, which was based on hydrodynamic tide modeling
and the assimilation of long-term altimetry data and tidal gauges. It shows a significant
advantage in accuracy and performance in coastal and shelf regions [31]; therefore, it is
widely used for satellite altimetry de-aliasing, gravimetric data processing, and regional
and coastal modeling. The details of the validation and tidal correction methods are
described in the following sections.

2.2.3. Datasets of Waves

Coastal waves, which are capable of generating runup on a beach, play a significant
role in influencing distribution along a shoreline. The ERA5 dataset, a state-of-the-art
climate reanalysis produced by the European Center for Medium-Range Weather Forecasts
(ECMWE), served as the foundation for analyzing the wave distribution around Hainan
Island in this study. ERA5 provides a comprehensive global atmospheric reconstruction
using a wealth of observational data and advanced modeling techniques. It offers hourly
estimates of a multitude of oceanic parameters dating back to 1940, thus providing ex-
tensive temporal coverage, which is invaluable for both climate research and operational
forecasting. The spatial resolution is 0.5 degrees x 0.5 degrees (each pixel represents a
53 km (longitude) x 55 km (latitude) ground area at 18° N).

For the purposes of our investigation of the wave climate around Hainan Island, the
ERAS5 wave data specifically included the significant wave height. This metric is critical
in characterizing wave dynamics and energy, which can significantly influence coastal
processes, such as sediment transport, erosion, and shoreline stability.

The high spatial resolution and hourly temporal granularity of the ERA5 wave data
enabled a detailed examination of the wave patterns and their interactions with the island’s
coastline. This analysis is crucial for understanding the seasonal and interannual variability
in wave energy, which is a key driver of the morphological changes observed in shoreline
positions throughout the year.

Incorporating the ERA5 dataset into our study allowed for a robust assessment of the
wave climate’s role in shaping the coastal dynamics of Hainan Island. The fidelity of the
ERADS reanalysis data coupled with its comprehensive global coverage ensured that the
insights derived from this research were grounded in high-quality, reliable climatological
information.

To comply with the timeframe of this study, we calculated the monthly average of the
significant wave height and wave direction from 2013 to 2022 (Figure 3A-L) and listed the
average monthly wave height of the four offshore directions of Hainan Island (Figure 3M).
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Figure 3. (A-L) display the average monthly wave height and direction from January to December.
(M) presents the average monthly wave height of the four cardinal offshore directions of Hainan
Island: South (S), West (W), North (N), and East (E).

3. Methodology and Validation
3.1. Shoreline Detection and Extraction via CoastSat

The instantaneous shorelines acquired from remote sensing images delineate the
dynamic boundary between the sea and land during the fluctuations of waves and tides at
the specific moment of the satellite’s passage [32]. The extraction of these instantaneous
shorelines holds fundamental significance in the investigation of coastal evolution [33].
Consequently, this study primarily centered on the automatic processing and analysis of a
dataset pertaining to these instantaneous shorelines.

This study was based on the algorithm of a thresholding segmentation technique called
CoastSat used to detect and extract the shorelines. CoastSat was developed by Vos et al. [34]
and has been shown to have good performance for beaches [35,36], reservoirs [37] and tidal
flats [38]. The shoreline detection algorithm implemented in CoastSat combines sub-pixel
edge segmentation with image classification components, refining the segmentation into
four different categories: sand, water, whitewater, and other land features. This allows
for the specific detection of a shoreline at the sand—-water interface. The shoreline is then
automatically extracted from the selected images using sub-pixel resolution techniques. The
sub-pixel resolution boundary segmentation technique utilizes the Modified Normalized
Difference Water Index (MNDWI), which is widely used to discriminate between water
and land features. The formula for the MNDWI is the following:
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SWIR1 — Green
MNPWE= SWIRT + Green M

The pixel intensities in the SWIR1 and Green bands corresponded to the shortwave
infrared range (1.55-1.65 pm) and the green band (0.52-0.6 um), respectively. The classifica-
tion was refined by obtaining a threshold specific to the sand-water interface and ignoring
other land features and clear water in the threshold algorithm. The MNDWI values were
computed for each pixel, as shown in Figure 3, resulting in a grayscale image with values
ranging from —1 to 1.

Figure 4 outlines the comprehensive workflow adopted in this study, and it details the
systematic process from the initial acquisition of data sources to the final analysis of the
results. It begins with the identification and procurement of relevant study data, followed
by the meticulous processing of these source data to ensure accuracy and reliability. The
subsequent steps include the evaluation of the methodologies applied, ensuring that they
were robust and appropriate for the research objectives. The workflow culminated in
a thorough analysis of the results, which was aimed at extracting meaningful insights
and conclusions. This sequence not only underscores the methodical approach taken
but also highlights the study’s commitment to rigor and precision at each stage of the
research process.
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Figure 4. Diagram of the workflow of this study.
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3.2. Tidal Correction

We used FES2014 to obtain the tide levels aligned to the shorelines extracted from the
satellite imagery and followed a commonly used methodology, i.e., the use of the mean
sea level (MSL) as a tidal reference datum for the correction of the tidal level, as proposed
in [39]. The formula for tidal correction is as follows:

_ H — hiige

AL
tand;

2)
where AL is the cross-shore horizontal shift (along the transect), H is the reference tidal
datum, h;y4, is the tide level corresponding to the moment of the satellite image of the beach
location in question, and tanf); represents the beach face slope specific to the site of interest.

3.3. Beach Slope Validation

To evaluate the extraction accuracy of CoastSat, the beach slopes measured in situ
were collected and compared with the results from the extraction algorithm. The measured
beach profile data were reported in [40], which suggested large-scale spatial variations in
shoreline behavior on Hainan Island. Here, each profile slope 6; derived from the satellite
images was calculated as follows:

tanf; = — 3

i= AT ©)
where AH represents the variance in tide levels between two consecutive time points
when different shorelines were detected, and AL; is the horizontal distance between two

shorelines along each profile.

1
RMSE = \/nZi_1(Xi - Yi)2 (4)
1n
MAE = EZi:l | Xi =Y | (5)
COR(X,Y) = XY (X -X) (- Y) o

O e (X - X)L (Y- V)

where X; is each evaluated slope, Y; represents each corresponding monitored datum, and
n is the number of compared data.

As shown in Figure 5c, the comparisons between the reconstructed slope and moni-
tored data had a root mean square error (RMSE) of 0.48°, the correlation coefficient was
0.97, and the mean absolute error was 0.38°, which confirmed the reliability of the outputs
of CoastSat and FES2014.
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Figure 5. (a) Tidal levels at Wanning derived from FES2014; the marked points correspond to the
moments when satellite images for validation were obtained. (b) Locations of monitored beach
profiles collected in 2017 with a spatial resolution of 2 m along the profile direction (blue dots) and
three shorelines (red lines) in close proximity to each other. (¢) Comparison between the measured
beach slopes obtained from different profiles and the reconstructed data considering the water level
and shoreline.

4. Results
4.1. Shoreline Detection and Variations on Selected Beaches

After extracting the original shorelines of the 20 selected beaches, the shorelines of
these beaches in the 2013-2023 period were visualized, as shown in Figures 6 and 7. Each
image shows a series of lines overlaid on the coastlines, with each line representing the
position of a shoreline at different times from 2013 to 2023, as indicated by the color gradient
from blue (2013) to red (2023) in the key. Although the extractions were not processed
via tidal correction, they showed a distinct segment of the coastline undergoing various
changes over the observed period. The lines were close together in some areas, suggesting
that there was little change in the shoreline position over time, while in other areas, the
lines were spread apart, indicating more significant shifts.

For instance, between 2014 and 2018, noticeable erosion occurred at location N2, while
both W3 and S2 experienced significant erosion from 2013 to 2023. In contrast, during the
same period, a clear instance of accretion was observed at locations E1 and E4.

To illustrate the temporal variations of the selected beaches, the shorelines were then
cut with lines perpendicular to the shore at each site to obtain the cross-shore shoreline
change over time. We chose five cross-shore transects from each beach and calculated the
relative positions of the shoreline along each transect. Figures 8 and 9 show the temporal
variations in satellite-derived shoreline position deviations from the averaged values after
correcting for the tidal effects. The vertical axis indicates the distance from the reference
point, with positive values signifying a shoreline position seaward of the average and
negative values indicating a position landward of the average. The data points, which are
illustrated by blue dots, represent the recorded distances of the shoreline position from the
fixed reference point, with each panel corresponding to a different beach location. The black
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dashed lines in each panel depict the trend lines, which were fitted to the data to illustrate
the general movement direction of the shoreline over the observed period. Concurrently, the
red solid lines represent the outcomes of a low-pass filter, which smoothed out short-term
fluctuations to highlight the underlying patterns of movement within the data.

I | I
2014 2016 2018 2020 2022

Figure 6. Shoreline dynamics on the selected beaches (N1 to N3, W1 to W6) from 2013 to 2023. Each
panel highlights different behaviors of the shoreline over time. For instance, panels show a shoreline
that has extended seaward (more red lines towards the sea), this suggests accretion in those areas.
Conversely, if the red lines retract landward, this indicates erosion.
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Year

I I I
2014 2016 2018 2020 2022

Figure 7. Shoreline dynamics on the selected beaches (S1 to S6, E1 to E5) from 2013 to 2023. Each
panel highlights different behaviors of the shoreline over time. For instance, panels show a shoreline
that has extended seaward (more red lines towards the sea), this suggests accretion in those areas.
Conversely, if the red lines retract landward, this indicates erosion.
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the low-pass-filtered result. A positive value indicates a beach profile wider than the average and
vice versa.
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Regarding the observations of low-frequency fluctuations, it was noted that half of
the monitored coastal sites (specifically, N1, N2, N3, W1, W2, S6, E1, E2, E3, and E4)
demonstrated a distinct seasonal cycle. This pattern was characterized by a pronounced
advancement of the shorelines towards the sea during the middle months of the year,
a period typically coinciding with the summer season. This seaward progression stood
in stark contrast to the shoreline positions observed during the winter months, where
a retreat from the sea was commonly recorded. The observed seasonal dynamic closely
aligned with the wave dynamics depicted in Figure 3, indicating that wave heights around
Hainan Island were significantly greater during the summer months than those during
the winter season. This pattern is critical in understanding coastal processes, as Stockdon
et al. established a direct correlation between wave runup on beaches and the height of
waves [41]. Consequently, the elevated wave heights observed during the winter could
lead to a reduction in beach width across numerous beaches on Hainan Island.

In analyzing the overall patterns across the studied coastal locations, it was found
that nearly half of the beaches—specifically, 9 out of the 20, sites 54, S6, E1, E3, E4, N2, N3,
W4, and Wé—displayed a rising slope gradient in the data collected. This trend suggested
a noticeable expansion of the beachfront, with the shorelines advancing toward the sea
over the course of the investigation. Such a seaward progression not only signified an
increase in beach area but may also have reflected dynamic geomorphological processes
at work, which could potentially be linked to sediment deposition rates, longshore drift,
and other natural forces shaping the coastal environment. Compared to the ten previously
mentioned beaches, those located to the south (51, S2, S3, 54, S5) typically lacked the
observed patterns of seasonal variation. Specifically, for S4 and S5, this trend was reversed,
with beach expansion occurring during the winter and reduction occurring in the summer.
Despite the stronger wave activity in the winter, the northerly wave direction did not favor
onshore runup. Conversely, in the summer, even though the wave activity was weaker, the
southerly wave direction could lead to significant onshore runup.

In contrast, W1, W2, W3, W5, S1, 52, and S3 exhibited a reduction in slope gradient
over the decade-long period. Generally, the beaches located on the western and southern
shores demonstrated a trend of erosion, whereas those situated in the northern and eastern
regions predominantly showed a trend of accretion. This distinction in coastal behavior
highlighted the varying impacts of environmental and possibly anthropogenic factors
across different orientations of the coastline, influencing the long-term geomorphological
changes and sediment dynamics of these areas.

4.2. Beach Face Slopes

Taking the influence of diminished wave impacts into account, we chose shoreline
data from 119 beaches surrounding Hainan Island for the period of July to August 2021.
Each beach was analyzed with five cross-shore transects, amounting to a comprehensive
total of 595 transects. To calculate the beach slopes, we utilized the instantaneous tidal level
data of the coastlines, which were derived from satellite observations and simulated using
FES2014 (Figure 10). The average slope of beaches in the eastern region of Hainan Island
was 2.38°, that in the southern region was 3.48°, that in the western region was 2.75°, and
that in the northern region was 2.80°. From the average slope of the beaches in each region,
it can be seen that the overall slope of the beaches in the southern region was greater than
that in other regions; it was also found that the steepness of the wave slope in the southern
region was small, and the sediment in the sea was washed to the shore, resulting in a larger
beach face slope. There were many headlands in the northern region, the waves and the
tide level were greatly affected by the factors of the topography, and the slope changes of
each beach were more pronounced.
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Figure 10. Beach slopes around Hainan Island.

5. Discussion
5.1. The Effects of Typhoons

To discuss the effects of typhoons on the evolution of beaches, our study focused on a
selection of typhoons of various intensities originating from different areas that impacted
Hainan Island. The typhoons analyzed in this research encompassed Typhoon Rammasun,
a super typhoon that struck on 18 July 2014 (Figure 11a), Typhoon Kalmaegi, which was
categorized as a severe typhoon that hit the island on 16 September 2014 (Figure 11a),
Typhoon Sarika, another super typhoon that made landfall on 18 October 2016 (Figure 11b),
and Typhoon Nangka, which was identified as a strong tropical storm that occurred in 2020
(Figure 11b). This selection allowed for a comprehensive understanding of how typhoons
of differing magnitudes influenced the coastal morphology of Hainan Island.

Drawing from the specific timings and locations of typhoon occurrences, we gathered
shoreline data from beaches in close proximity to the events (Figure 11c). For Typhoon
Rammasun, we collected data from Linxin Village Beach; for Typhoon Kalmaegi, we
collected data from Lumaling Beach; for Typhoon Sarika, we collected data from Wuchang
Village Beach; for Typhoon Nangka, we collected data from Boao Beach. To assess the
impacts of these typhoons on beach morphology, we compiled shoreline data spanning one
year before and after each typhoon made landfall, allowing us to document and analyze
the resultant changes in shoreline dynamics.
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Figure 11. (a) Track charts of Typhoon Rammasun (1409) and Kalmaegi (1415); (b) track charts of
Typhoon Sarika (1621) and Tropical Storm Nangka (2008). (c) Landfall locations of the different
typhoons.

Typhoon Rammasun was a super typhoon that made landfall in Linxin Village, Wen-
chang on 18 July 2014, as shown in the red box in Figure 12a. The average retreat of
the shoreline before and after the typhoon was 28 m, with transect 3 experiencing the
greatest retreat of 50 m. In September 2014, there was a significant change in the shoreline,
with an average retreat length of 48 m across the five sections. During this period, Super
Typhoon Kalmaegi made landfall in Wenchang on September 16, as indicated by the red
box in Figure 12b, causing noticeable shoreline erosion near Lumalin. The average erosion
distance across four transects was 39 m, with transect 2 experiencing the greatest erosion
of 43 m. In October 2020, Tropical Storm Nangka made landfall in Boao, Qionghai in
October 2020, as indicated by the red box in Figure 12¢, and there were no apparent signs
of shoreline erosion due to the weak storm intensity. In mid-October 2016, as shown in
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Figure 12d, there was no significant shoreline retreat despite the landfall of Typhoon Salika
in Wuchang Village.

Linxin Village

960 —

880
840

800

5204 —=— Transect_1
—e— Transect_2
—— Transect_3
—v— Transect_4
—&— Transect_5

Lumaling

1
1

\,‘_\///_\1
1

|
1
1

|

|

1

1

|

1

|

1

1

1

|

1 | 8

1
W

1

|

1

1

1
1
1
240 4 “
1

480

440 4

400

360 4

3204

280 4

200

Mar-2014 Jun-2014

Sep-2014

T T T T T T T
Dec-2014 Mar-2015 Jun-2015 Apr-2014  Jul-2014  Oct-2014  Jan-2015  Apr-2015  Jul-2015  Oct-2015  Jan-2015

7604 Boao
720 4
. 6804

640

ance (m

Jist;

=~ 600 4

560

520

' — W

560

Wuchang Village

(d)

520 4

480

i ,
' %, 440 '
‘ s Vv 2 l
B
I N 1 ! . /’
- M 400 - T
Y
T T T T T . T T T
Apr-2020 Jul-2020 0ct-2020 Jan-2021 Apr-2021 May-2016 Aug-2016 Nov-2016 Feb-2017 May-2017

Time

Figure 12. Transect-based shoreline variations following typhoon landfalls. (a) For Typhoon Ramma-
sun, we collected data from Linxin Village Beach; (b) for Typhoon Kalmaegi, we collected data from
Lumaling Beach; (c) for Typhoon Nangka, we collected data from Boao Beach; (d) for Typhoon Sarika,
we collected data from Wuchang Village Beach.

While innovative methods offer promising alternatives for surveying shorelines, the
paramount concerns of accuracy and reliability must be rigorously addressed. Prior to
the implementation of new technological solutions, thorough validation and accuracy
assessments are indispensable for ensuring their viability. In many instances, integrating
various technologies and data sources into a unified shoreline mapping strategy may
present a more viable approach. Despite the wealth of data accessible through satellite
remote sensing, the intricate nature of certain landforms and smaller features necessitates
the augmentation of satellite data with terrestrial observations or aerial surveillance to
achieve precise identification and analysis.

The examination of shoreline data from different beaches before and after the occur-
rence of four specific typhoons revealed notable erosion consequences following extreme
weather events. The extent of erosion was directly correlated with the intensity of the
typhoon, with super typhoons causing significant shoreline recession. Interestingly, the
most severe impacts on beaches were not always directly at the typhoon’s landfall location
but could manifest more intensely within certain peripheral areas. Conversely, the effects
of standard tropical storms on beach shorelines appeared to be minimal. It is critical to
acknowledge that while satellite-derived shorelines offer insights into erosion events, they
are limited by issues of timeliness and potential inaccuracies, thus providing only a general
indication of erosion without precise quantification of its extent.

During the analytical process, the proximity of certain shorelines resulted in skewed
slope calculations, which were compounded by data deficiencies that precluded slope
determination for some areas. Consequently, out of the 132 beaches that were initially in-
vestigated, 13 beaches were unable to yield accurate slope measurements. This underscores
the complexity of coastal analysis and the necessity of comprehensive methodologies that
encompass both advanced technological tools and traditional observational techniques to



Water 2024, 16, 1034

17 of 20

ensure the thorough evaluation and management of coastal erosion and its multifaceted
impacts.

5.2. Methodological and Academic Limitations

Despite its contributions to understanding coastal dynamics, the methodology em-
ployed encounters several inherent limitations and challenges that merit attention.

Firstly, the use of remote sensing, although advantageous for its broad coverage and
historical data access, faces significant limitations in resolution that restrict our ability to
accurately capture dynamic shoreline processes and small-scale coastal features. This is
particularly challenging when attempting to discern transient phenomena such as those
induced by abrupt weather events, indicating a pressing need for advancements in satellite
technologies and data processing algorithms. The reliance on satellite imagery inherently
introduces temporal and spatial gaps in the data. These gaps present substantial chal-
lenges in capturing the full extent of short-term coastal processes, such as the effects of
storm surges on erosion and accretion patterns. Consequently, this may lead to potential
underestimations or oversights in the analysis of shoreline dynamics.

Moreover, validating the accuracy of satellite-derived shoreline data against in-situ
measurements is essential yet fraught with challenges. The scarcity of ground truth data,
coupled with the temporal discrepancies between observed and satellite-derived shorelines,
complicates validation efforts. The use of specific tools like the CoastSat and the FES2014
global tidal model for tidal corrections also introduces potential inaccuracies. The assump-
tions made by these tools may not be universally applicable across different coastal settings,
potentially affecting the accuracy of our findings. Additionally, atmospheric conditions,
such as cloud cover, pose further analytical challenges by impacting the quality of satellite
data. Addressing these challenges is crucial for enhancing the reliability and precision of
shoreline extraction methodologies.

Furthermore, although this research delves into the evolution of beaches over a decade,
it lacks a comprehensive examination of the broader effects of climate change. The com-
plexity added by factors such as sea level rise and increased frequency of extreme weather
events underscores the need for integrated approaches that consider these environmental
variables. The interpretation of seasonal variations is based on the assumption that the
observed changes in shoreline positions are predominantly driven by natural processes
such as wave energy variations. However, human activities—such as coastal engineering
work, beach nourishment, and the construction of barriers—can also significantly affect
shoreline dynamics. Our methodology might not fully account for these anthropogenic
influences, potentially attributing changes to natural seasonal variations when, in fact, they
may be partly the result of human intervention.

6. Conclusions

Hainan Island, which is positioned at the southernmost tip of China, is home to
over a hundred natural beaches, which are predominantly sandy. These coastal areas
face significant challenges due to frequent marine natural disasters and human-induced
impacts, making the study of long-term beach dynamics crucial for preventing sediment
loss, mitigating coastal hazards, enhancing coastal protection, and fostering the sustainable
development and use of coastal zone resources. In this research, by utilizing CoastSat,
shoreline data were extracted from 20 representative beaches around Hainan Island for the
period from 2013 to 2023 and the slopes of 119 sandy beaches were calculated with the aim
of understanding the patterns of beach evolution and distribution on the island.

This investigation leveraged multi-source remote sensing imagery alongside CoastSat
to derive accurate data, and slope measurements for five selected beaches were compared
and validated. The consistency between the calculated and actual distances affirmed the
reliability of the slope measurements, despite minor anomalies being attributed to random
topographical variations. This underscores CoastSat’s effectiveness in facilitating the study
of Hainan Island’s beach evolution. Additionally, employing the FES2014 global tidal
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model to simulate tidal levels and make necessary tidal corrections led to coastlines more
closely aligning with the mean shoreline. The minimized discrepancies between coastlines
and the enhanced precision in overlapping demonstrate that CoastSat-derived coastline
data can significantly support in-depth analyses of beach evolution, providing a robust
foundation for comprehensive coastal management strategies.

The comprehensive analysis of temporal variations and shoreline changes across
selected beaches on Hainan Island, as detailed through the examination of cross-shore
transects and satellite-derived shoreline positions, revealed significant insights into coastal
dynamics and geomorphological processes. The selected beaches exhibited significant
temporal variations in shoreline positions, which were influenced by seasonal cycles and
directional wave dynamics. Nearly half of the studied beaches showed an expansion trend,
advancing towards the sea, which was indicative of geomorphological processes such as
sediment deposition. This pattern was notably absent on southern beaches (51, S2, S3, 54,
55), where the seasonal variations deviated, with some beaches expanding in winter and
contracting in summer due to differing wave directions and their impacts on shoreline
runup. Conversely, beaches on the western and southern shores experienced erosion, while
those on the northern and eastern shores primarily saw accretion. These findings underline
the complex interplay of natural forces and possibly human activities in shaping coastal
landscapes over time. Understanding these mechanisms is vital for developing effective
measures for mitigating the impacts of erosion and enhancing the resilience of coastal
ecosystems against the backdrop of changing environmental conditions.

In addition, the slopes of 119 beaches around Hainan Island were calculated. Overall,
the beaches in the southern part had relatively steeper slopes than those in the other regions.
In the northern region, the wave and tidal influences in the estuary areas had a greater
impact, leading to more noticeable variations in beach slopes. The impacts of typhoons
of varying intensities on the evolution of beaches on Hainan Island were also discussed,
focusing on significant events such as Typhoons Rammasun, Kalmaegi, Sarika, and Nangka.
The study revealed that stronger typhoons caused notable shoreline retreats and erosion,
with Typhoon Rammasun and Kalmaegi leading to significant morphological changes.
Conversely, the less intense Typhoons Sarika and Nangka showed minimal impacts. These
findings highlight the critical influence of typhoon intensity on coastal morphology and
emphasize the importance of incorporating extreme weather event considerations into
coastal management and preservation strategies.
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