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Abstract: Phuket, the study area of this work with 33 sandy beaches, provides about 15% of the
nation’s gross domestic product from the tourism industry. Many factors cause shoreline changes
affecting beach areas, such as seasonal erosion and rising sea levels. In this study, shoreline position
was the key parameter for evaluating shoreline changes. The CoastSat open-source software was
selected to analyze the shoreline changes using a publicly available satellite imagery API. The future
shoreline recession was projected using the Bruun rule integrated with field observation data and
sea level rise scenarios from Coupled Model Intercomparison Project Phase 6 (CMIP6). The result
indicated that eight of the study site’s locations were under mild erosion from 2013 to 2021. The
average shoreline change varied between —4.10 and 5.47 m/year. The projection of future beach loss
due to sea level rise found that 20 beaches and 32 beaches will be lost entirely under SSP1 2.6 and
SSP5 8.5, respectively. Beach morphology is influenced by human-induced activities, such as coastal
urbanization and the development of structures along the coast. This study discusses the effectiveness
of the present coastal protection structure with data from field observations and suggests possible
future management strategies.

Keywords: shoreline changes; Phuket; sea level rise; shoreline recession; CoastSat; erosion; coastal
management

1. Introduction

Coastal zones play an important role as areas for various services and uses, such as
fisheries, wildlife ecosystem services, and human recreation [1]. A study estimating the
value of beachfronts concerning the hotel room rate in Thailand found that the highest
average annual benefit per area is $415.78/m? in Phuket province [2]. The Ministry of
Tourism and Sports of Thailand published a report on the economic competitiveness of
sea—sun—-sand (3 S) tourism, which revealed that the beaches of Phuket Island won the
second-place award for the best beaches by US News Travel [3].

Several factors, such as beach slope, sediment grain size, and wave climate, can
contribute to shoreline changes in terms of erosion and accretion. Moreover, the future
beach loss due to sea level rise needs to be understood for management planning in the
engineering, sociology, economics, and environmental fields. Determining the location
of the shoreline is essential for establishing boundaries in coastal management and for
studying the dynamics and past behavior of the coastline [4].

Many studies attempted to use remote sensing and geographic information systems as
useful tools for monitoring coastline changes in terms of erosion and accretion, especially
in the absence of field data [5-8]. CoastSat is an open-access Python toolkit that utilizes the
Google Earth Engine API to improve Thailand’s unavailable data problem [4,9]. Shoreline
definition is significant to the result of shoreline changes [10]. The water line is usually
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used to define the shoreline position, but it changes throughout the day, so tidal correction
is necessary to remove the effect of the tide on flatter beaches [11-14]. It is a convenient
tool for the automatic detection of the shoreline on a large scale.

Bruun is widely used to determine shoreline recession from sea level rise [15]. It is a
simple equation with interactions between the beach profile and sea-level changes, which
have been adjusted in some research [16]. A study has estimated shoreline recession from
sea level in Thailand with CMIP5 sea-level-rise data from the Intergovernmental Panel on
Climate Change (IPCC) [17]. The national beach loss rates were projected to be 45.8% for
RCP2.6 and 71.8% for RCP8.5 [18]. In 2021, the IPCC published a report on CMIP6 model
sea level projections in the 21st century [19].

The report on the status of the coastal zone in Thailand by the Department of Marine
and Coastal Resources of Thailand (DMCR) shows that 794 km of Thailand’s coastline
(3151 km) faced erosion problems in 2019. Factors contributing to erosion include the
urbanization of coastal areas, tourism, marine transportation, and fishing piers. More-
over, coastal processes, the development of coastal zones, and improper adaptations to
erosion, such as seawalls, breakwaters, and groins (engineering structures), can lead to
coastal erosion problems. This report found that 65.2 km of coastline was created for
countermeasure projects by the government and private sectors. Conversely, 67.6 km of
the coastline has experienced increased erosion issues, exacerbated by the implemented
adaptation measures [20]. Therefore, selecting appropriate adaptation measures is crucial
in responding to shoreline changes.

This study aims to evaluate shoreline changes on Phuket Island, Thailand, using the
CoastSat toolkit with public-access satellite data and estimate future shoreline recession
using the Bruun rule with CMIP6 sea-level-rise and field observation data. Moreover,
the present coastal management strategies will be discussed with the results of shoreline
changes to propose appropriate future adaptation management strategies.

2. Study Areas and Data

The data used in this study include the details of the study areas, satellite images, and
tide data, wave data, and sea-level-rise data.

2.1. Phuket Island

Phuket Island is located in the southern part of Thailand in the Andaman Sea (Figure 1).
The sandy beaches (Table 1) on the western part of the island are 37.06 km long. Phuket
island possesses a variety of tourist beaches, such as city beaches (Karon Beach, Patong
Beach, Surin Beach, etc.) and natural beaches (Banana Beach, Freedom Beach, Laemshing
Beach, etc.)

Table 1. Names of locations from field observations and beach lengths measured from satellite imagery.

Location Name Beach Lengths (km)
PKT1 Saikaeva Maikhaw and 12.98
Naiyang Beach
PKT2 Naithorn Beach 1.04
PKT3 Andaman White Beach 0.31
PKT4 Banana Beach 0.19
PKT5 Trisara Beach 0.24
PKT6 Anantara Layan Beach 0.35
PKT7 Layan and Bangtao beach 5.18
PKTS8 Surinl Beach 0.40

PKT9 Surin2 Beach 0.77
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Table 1. Cont.

Location Name Beach Lengths (km)
PKT10 Laemshing Beach 0.28
PKT11 Kamala Beach 1.72
PKT12 Regency Beach 0.58
PKT13 Hua Beach 0.19
PKT14 Naka Beach 0.22
PKT15 Thavorn Beach 0.53
PKT16 Kamala-patong road 0.95
PKT17 Patong Beach 2.66
PKT18 Amari Patong Beach 0.27
PKT19 Tritrung Beach 0.72
PKT20 Meesuk Beach 0.09
PKT21 Paradise Beach 0.18
PKT22 Merlin Beach 0.17
PKT23 Freedom Beach 0.24
PKT24 Karon-noi Beach 0.35
PKT25 Karon Beach 3.30
PKT26 Kata Beach 1.36
PKT27 Kata-noi Beach 0.69
PKT28 Nui Beach 0.13
PKT29 Jungle Beach 0.06
PKT30 Saen Beach 0.14
PKT31 Naiharn Beach 0.70
PKT32 Yanui Beach 0.15
PKT33 Rawai Beach 1.89
PKT18 Amari Patong Beach 12.98
PKT19 Tritrung Beach 1.04
PKT20 Meesuk Beach 0.31
PKT21 Paradise Beach 0.19
PKT22 Merlin Beach 0.24
PKT23 Freedom Beach 0.35
PKT24 Karon-noi Beach 5.18
PKT25 Karon Beach 0.40
PKT26 Kata Beach 0.77
PKT27 Kata-noi Beach 0.28
PKT28 Nui Beach 1.72
PKT29 Jungle Beach 0.58
PKT30 Saen Beach 0.19
PKT31 Naiharn Beach 0.22
PKT32 Yanui Beach 0.53
PKT33 Rawai Beach 0.95

2.2. Satellite Images and Tide Data

Satellite images from Landsat 8 (Landsat-8 images courtesy of the U.S. Geological
Survey) were used to digitize the shoreline positions in this research. The analysis period
was between 2013 and 2021 due to the quality of the satellite imagery associated with the
available hourly tidal data of the Aow-Por tide gauge station (Figure 1) from the Marine

Department of Thailand.

2.3. Wave Data

The 3 h significant wave data and significant wave height that exceeded 12 h re-
analyzed data (1 degree latitude-longitude resolution) offered by The European Centre
for Medium-Range Weather Forecasts (ECMWF) [21] were used in this study, averaged
over 30 years (1980-2010). The significant wave height was 0.87 m and the significant wave

period was 7.15 s.
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Figure 1. Location of the study area and the tide gauge on Phuket Island.

2.4. Sea Level Rise Data

This study used the ensemble mean regional sea-level-rise data (1 degree latitude—
longitude resolution) from 21CMIP6 models for the SSP1 2.6, SSP2 4.5, SSP3 7.0, and SSP5
8.5 scenarios that relate to 1995-2014 [19]. The ensemble mean sea level rise ranges were
0.50-0.81 m for 2081-2100.
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3. Methodology
3.1. Field Observation

The characteristics of the beaches, such as the beach slope, 1.5 kg sand sampling
collection, beach width, and coastal protection structures, were observed during field
observations between 20 and 26 April 2022. The beach width was measured considering
the mean sea level. The beach slope was measured using a digital electronic angle gauge to
measure the foreshore’s slope. This study used standard sieve analysis (ASTM D422-63
(2007)) to determine the sediment grain size diameter (dsg) from sand sampling.

3.2. Shoreline Changes Analysis with Coastsat

CoastSat [9] is an open-source Python toolkit using publicly available satellite images,
namely Landsat 8, from the Google Earth Engine (GEE) to identify a shoreline’s position
from a determined time series. It can define the shoreline on any sandy coast worldwide.

In the first step, the user needs to define the region of interest (ROI), the dates for
the time series, and the satellite mission. Then, the algorithm will correct the images
from GEE. CoastSat provides panchromatic image sharpening, and down-sampling from
30 m bands to 15 m bands by bilinear interpolation was used to improve the accuracy of
shoreline digitization [9,22]. The precision of shoreline detection is manually improved by
the reference shoreline drawing from the user. The cloud cover threshold can be adjusted
to avoid images that exceed a certain percentage of cloud cover estimated from the number
of cloudy pixels inside the region of interest and a user-defined cloud cover threshold.

The toolkit detects the position of a shoreline using the boundary between sand and
water by combining supervised image classification and sub-pixel resolution (10-15 m)
appropriated to border segmentation with an accuracy of ~10 m [9,23]. The algorithms of
CoastSat shoreline detection include image classification and sub-pixel resolution border
segmentation steps. In the image classification step, each image pixel is classified into
four classes (sand, water, white water, and other land features, such as vegetation). The
performance was proven to have 99% accuracy in pixel identification [24]. During sub-
pixel resolution border segmentation, the modified normalized-difference water index
(MNDWI) [25] extracts the boundary between sand and water. The digitized shoreline
is visualized with 3 different backgrounds (RGB satellite image, output of the image
classification with 4 classes of ‘sand’, ‘'white water’, ‘water’, and ‘others’, and a grayscale
image of the MNDVI pixel values) to help the user to validate and verify the shoreline
position analysis. If the study area has a flatter beach profile or the site has large tide
ranges, applying tidal correction using the measured tide levels and foreshore beach slope
is recommended. Each shoreline is adjusted to the reference line. The toolkit detects the
position of the coastline using the boundary between sand and water by combining the
supervised image classification and the sub-pixel resolution (10-15 m) appropriated to the
border segmentation with an accuracy of ~10 m [9,23]

Calculating the distance between the reference line and the shoreline position each year
can determine the beach width. This approach provides a reliable method for measuring
changes in beach width over time. Net shoreline movement was chosen to identify and
evaluate the rate of shoreline change [26]. This study conducted correlation analysis and
calculated the statistical measure (p-value) to determine the significance of the relationship
between time and beach width. The p-value indicates the strength and significance of the
linear relationship associated with the trend of shoreline change.

3.3. Bruun Equation for Shoreline Recession from Sea Level Rise

The Bruun rule (Equation (1)) [15] has been widely used to calculate future shoreline
recession as a function of sea level change based on the equilibrium profile theory [16,27,28].

Ay S

- -~ 1
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where Ay is shoreline recession, S is sea level rise, By, is the berm height, and vy is the
distance from the horizontal to the depth of closure when #, is the depth of closure [29],
which is calculated by the significant wave height and significant wave period, as follows:
H?
he = 2.28H,; — 68.5(—%") )
8 Te,t

where H, is the significant wave height that exceeded 12 h per t years, g is the gravitational
acceleration, and T is the significant wave period exceeding 12 h-per-t-year.

To calculate the distance to the depth of the closure point, y., which depends on the
sediment grain size [30] and the depth of closure, we used the following:

he = Ay?/3 (3)

where A is the scaling parameter based on the sediment size (dsp) and #. is the depth of
the closure from Equation (3).

To determine the berm height (Bj;) with Equation (4) [31] and Equation (5) [32], the
significant wave data and wave period were required:

3/8
B, = 0.125H;/5(gT?) (4)

where By, is the berm height, Hj, is the breaking wave height, and T is the mean significant
wave period, and:

—0.25
T (fana)®3(1) ©)

where Hg is the mean significant wave height, tan « is the beach slope, and Lg is the
significant wavelength. The shoreline retreat can be evaluated by considering all parameters
in Equation (1).

4. Results

The results consist of two parts: the field observation results and shoreline change
results. The field observation results include the beach slope, sediment grain size, beach
width, and coastal protection structure. The shoreline change results include the historical
shoreline changes from CoastSat and future shoreline recession due to sea level rise.

4.1. Results from Field Observations
4.1.1. Beach Slope, Sediment Grain Size, and Beach Width
Beach slope data, beach width data, and sediment samples were collected as the beach

characteristics through field observations (Table 2). The average beach slope, sediment
grain size, and beach width were 6.00 degrees, 0.42 mm, and 23.16 m, respectively.

Table 2. Beach slope, sediment grain size (dsg), and beach width measured from field observations.

Location Slope (Degree) dsp (mm) Beach Width (m)
PKT1 743 0.24 24.21
PKT2 7.40 0.26 40.30
PKT3 7.20 0.28 41.50
PKT4 6.00 0.29 19.10
PKT5 10.90 0.3 15.00
PKT6 3.70 0.41 4.40
PKT7 7.20 0.25 27.65

PKT8 3.20 0.25 45.50
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Table 2. Cont.

Location Slope (Degree) dso (mm) Beach Width (m)
PKT9 5.00 0.27 37.00
PKT10 6.70 0.26 33.18
PKT11 2.20 0.19 17.00
PKT12 6.80 0.33 9.62
PKT13 5.40 0.44 9.30
PKT14 10.80 0.27 14.20
PKT15 6.10 0.32 16.60
PKT16 5.40 0.21 14.10
PKT17 4.30 0.23 2791
PKT18 5.00 0.27 5.80
PKT19 4.60 0.24 11.80
PKT20 4.00 0.27 11.56
PKT21 450 0.36 11.70
PKT22 7.50 0.56 22.05
PKT23 8.80 0.26 31.10
PKT24 5.80 0.26 33.84
PKT25 4.10 0.24 40.03
PKT26 2.60 0.25 44.00
PKT27 5.00 0.24 35.80
PKT28 5.00 22 8.36
PKT29 4.90 0.31 15.50
PKT30 5.50 29 16.00
PKT31 5.50 0.23 49.30
PKT32 8.30 0.28 19.80
PKT33 11.33 0.26 11.04

4.1.2. Coastal Protection Structures

Coastal protection structure data were collected during the field observation. Coastal
protection structure types were categorized based on the definitions of the structures
reported by the Department of Marine and Coastal Resources of Thailand (DMCR) [20].

From the field observation, there were 10 coastal structure types in the study area,
which were wooden beach fences, gabians, revetment seawalls, vertical seawalls, step
seawalls, and geotextiles. Their locations and example photos are shown in Table 3.

Table 3. Coastal structure types collected from field observations.

Coastal Structure Photo Location

Wooden beach fence PKT1
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Table 3. Cont.
Location

Coastal Structure Photo

Gabian PKT7

PKT7, PKT16,

Revetment seawall PKT33

PKT7, PKT12,
PKT13, PKT14,
PKT20, PKT21,
PKT22, PKT24,
PKT26, PKT31,
PKT33

Vertical seawall

Step seawall PKT7
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Table 3. Cont.

Coastal Structure Photo Location

Geotextile PKT15
Durahold retaining wall I;II?I:%’, I;i?ég’
Curve seawall PKT17, PKT19

Pathway PKT33
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4.2. Historical Shoreline Changes and Future Shoreline Recession
4.2.1. Historical Shoreline Changes from CoastSat

The results (Figure 2) show that 8 out of 33 locations faced erosion problems. Following
the criteria of DMCR [33], 6 beaches (PKT7, PKT10, PKT12, PKT13, PKT18, and PKT33)
had mild erosion rates (erosion rate < 1 m/year) and 2 beaches (PKT6 and PKT9) had
moderate erosion rates (erosion rate between 1 and 5 m/year). The accretion rate of
25 locations varied between 0.29 and 5.47 m/year. Figure 2 presents the coastal structures
and outlets that may have impacted shoreline changes. However, it cannot be concluded
from these findings separately that they were the cause of the observed increase in beach
width. Additional analyses and data are needed to establish a causal relationship between
these factors and changes in shoreline position. The results of the correlation analysis
demonstrate a significant relationship between time and shoreline change.
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Figure 2. The average shoreline changes were analyzed using CoastSat by utilizing Landsat 8 satellite
images from 2013 to 2021. Coastal structures, outlets, and drainage channels were observed during
field observations, and a significant relationship was determined through correlation analysis.

4.2.2. Future Shoreline Recession Due to Sea Level Rise

The results of shoreline recession due to future sea level rise for the best-case scenario
(SSP1 2.6) and worst-case scenario (SSP5 8.5) are shown in Figure 3. The maximum shoreline
recession was —41 m (SSP1 2.6) to —48 m (SSP5 8.5) at Kamala Beach (PKT11). The
minimum shoreline recession was —5 m (SSP1 2.6) to —9 m (SSP5 8.5) at Aow Sean Beach
(PKT11). Considering the shoreline recession with the existing beach width from field
observation (Table 2), 20 beaches and 32 beaches will be completely lost in the best-case
and worst-case scenarios, respectively.
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Figure 3. Shoreline recession due to future sea level rise was determined using the Bruun rule based
on sea level rise data from IPCC AR6 and wave data from ECMWEF. The figure demonstrates this,
along with the existing beach width measurements obtained from field observations.

5. Discussion

CoastSat effectively solved the unavailable data problem in Thailand by providing a
convenient tool for automatically detecting shorelines on a large scale. This tool provides
an effective solution for enhancing shoreline mapping and monitoring efforts in the region.
Nearly 75% of beaches exhibit an increasing trend in shoreline changes based on historical
shoreline changes according to data obtained from satellite images between 2013 and
2021. However, statistical analysis found that most of the observed increasing trends were
insignificant (p-value < 0.05). This finding supports the notion that changes in shoreline
position can be attributed to time and may have important implications for understanding
coastal processes and their potential impacts.

Based on the results, beaches with steeper slopes, such as PKT5, PKT14, and PKT32,
had larger sediment grain sizes than those with gentler slopes. However, PKT22 had the
largest sediment grain size, despite having a slope that was not the steepest, while PKT33
had the steepest slope, but did not have the largest sediment grain size. A relationship
exists between sediment grain size and beach slope, whereby coarser sediments generally
result in steeper foreshore slopes than finer sediments [34].

Some of the results obtained from the study show a deviation from the theoretical
expectations, possibly attributed to the influence of the existing coastal structures in the
study area. For example, PKT6 experienced the highest erosion rates, regardless of its
gentle slope, which may be attributed to an outlet channel in the area. Furthermore, despite
having outlets, PKT1, PKT8, PKT11, PKT17, PKT25, PKT26, and PKT31 exhibited shoreline
accretion, rather than erosion.

Consequently, human activities can change beach morphology, mainly through coastal
development, pollution, and recreational activities. Coastal urbanization, such as hotels
and roads being built along beaches, can result in drainage channels leading directly to the
sea, as well as other coastal structures developed by humans to protect the areas behind
the beaches. Eight locations in this research were found to experience erosion, with half
of these locations having coastal structures constructed along their shores. Thus, it is
essential to consider the environmental and ecological consequences of human activities in
coastal areas.

The result of the shoreline recession showed that 20 beaches (SSP1 2.6) and 32 beaches
(SSP5 8.5) will be lost due to the rising sea level in the future (2081-2100).
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This study found that most beaches with erosion problems from historical shoreline
changes will be lost due to sea level rise. PKT9 (Surin 2 beach) and PKT10 (Laem Shing
beach) will still have beach areas after sea level rise because of the wide existing beach.
Thus, the factors affecting shoreline recession are the beach slope, sediment grain size,
and the current beach width. Thus, sustaining and nourishing beach areas is essential for
protecting against potential sea level rise in the future. Therefore, it is important to consider
the implementation of beach nourishment as a measure to mitigate the impacts of coastal
erosion and sea level rise for sandy tourist beaches. Following beach nourishment, the
increased beach width assists tourism activities. Furthermore, beach nourishment has not
been implemented on Phuket Island. This finding can be utilized to develop adaptation
strategies or beach management planning, particularly when integrated with shoreline
change analysis.

This study discusses the beaches that have faced erosion problems and suggests
potentially useful coastal management strategies. The erosion problem was identified
from historical shoreline changes obtained from CoastSat, whereas the identification of the
coastal protection structures was based on field observations. While maintaining beach
areas is an appropriate measure for accretion beaches, it is particularly important for
tourism purposes. The discussion concludes with the following.

(1) Anantara Layan beach (PKT6) has an outlet into the sea located at the southern part
of the beach, which caused the erosion problem because of sediment transport from
one side of the outlet to the other. This area has no coastal protection structure, so an
adaptation with sand bypassing may be appropriate for this area [35].

(2) Bang Tao beach (PKT7) has many coastal protection structures that are disorganized,
which may cause coastal erosion. The stakeholders and organizations in this area
must determine the efficiency and organize all structures together.

(8) Surin2 beach (PKT9) lacks any coastal protection structure, but this beach is still wide
(37 m width according to field observation) under the present situation. Therefore,
beach nourishment may be a suitable adaptation for this location.

(4) Laem Shing beach (PKT10) faces mild erosion with no coastal protection structures.
From the observation data, this location is a natural beach with a healthy dune and
beach forest behind the beach. The beach can be recovered based on the deposited
sand dune. Therefore, appropriate adaptation measures would be to conserve the
existing conditions.

(5) Regency beach (PKT12) is narrow. The southern section of this beach features a
seawall. Hyatt Regency Phuket Resort (5-star hotel) is a very famous hotel located
behind the beach after the road. Adaptation with beach nourishment may be suitable
for this beach due to the recreational use of the beach area for tourists staying at hotels
near the beach.

(6) Hua beach (PKT13) has a sea wall along the coast, which may cause erosion problems.
This location has a public-access park near the beach, but it does not have good
scenery because of the improper design of the seawall. Hence, seawall renovation and
landscape design are essential for this location to be used for recreational purposes.

(7) Amari Patong beach (PKT18) is a private beach of a hotel. There are large rocks
present along the beach. Due to the narrow width of the beach, the beach area
disappears during high tide. Beach nourishment can provide a larger beach area, but
it is necessary to perform cost-benefit analysis.

(8) Rawaii Beach (PKT33) has various uses and several coastal protection structures that
may cause erosion. Furthermore, the traditional fishing community that relies on this
beach should be conserved. It is essential to implement an integrated approach to
coastal structures in order to enhance efficiency and minimize the impact of engineer-
ing structures on sandy beaches. Consequently, beach zoning is crucial in reducing
conflicts between various uses, such as restaurants, recreational activities, and fishing
communities, and ensuring their integration.
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A comprehensive analysis of shoreline changes, including a detailed assessment of
costs and benefits associated with potential adaptations, should be undertaken before
undertaking any management decisions or adaptation plans.

6. Conclusions

Beach tourism performs an essential role in the economy of Phuket, Thailand. This
study aimed to evaluate the annual shoreline changes with CoastSat and estimate the
future shoreline recession using the Bruun rule and updated CMIP6 sea-level-rise data.
The results found that 8 locations out of 33 sites are facing erosion problems. The shoreline
changes varied between —4.10 m/year and 5.47 m/year. The analysis of future shoreline
recession due to sea level rise found that 20 beaches and 32 beaches would be lost entirely
under the best-case and worst-case scenarios, respectively. The future shoreline recession
varied between —5 m (SSP1 2.6) to —48 m (SSP5 8.5). The discussion of current coastal
management and erosion issues revealed that, despite the presence of coastal protection
structures, beaches in Phuket continue to experience erosion problems. CoastSat is a
convenient tool for detecting shorelines on a large scale, although it may have limitations
in small study areas due to the resolution of the satellite images. However, based on
the findings of this study, appropriate preliminary adaptation management strategies
are suggested.
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