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Abstract: We obtained sixteen clear-sky remote sensing images of Landsat series data from 1973 to
2021 and extracted continental and island coastlines of the Salween River Delta based on the Modified
Normalized Difference Water Index (MNDWI) and visual interpretation correction. We determined
the overall evolution of coastlines with statistical and superposition analysis and applied the Digital
Shoreline Analysis System (DSAS) to summarize the spatial and temporal evolution process and
characteristics in the past 50 years. Experimental results show that (1) the overall change of the
coastline was more rapid on the island than on the continent, and on the Indian Ocean side than on
the continental side, (2) the total area of the island increased by 91.16 km? from 1973 to 2021, the area
of Bilu Island increased by 50.38 km?, the length of the continental coastline decreased by 0.39 km,
and the length of the coastline of the Bilu Island increased by 6.43 km, (3) the Linear Regression Rate
(LRR) were: 4.69 m/yr for the total coastline, 1.06 and —2.07 m/yr, respectively, for the western
and southern branches of the continental coastline, and 0.83 and 21.52 m/yr, respectively, for the
continental and Indian Ocean sides of Bilu Island, and (4) the dominant process in the Salween River
Delta was accretion, with an overall accretion area of about 10 km?, and an unstable accretion rate.

Keywords: Salween River Delta; spatial and temporal evolution characteristics; Landsat remote
sensing images; DSAS

1. Introduction

River deltas are zones where land, ocean, and atmosphere interact. Their morphologies
are constantly changing under the multiple effects of natural and human factors. They are
important channels that maintain a material balance between land and sea, and areas of
frequent and intense human activities [1,2]. Human activity is increasing environmental
pressures in river deltas, posing a significant threat to biodiversity, marine resources, and
shipping [3-5]. The Salween River is one of the most important international rivers in Asia
and one of the few free-flowing rivers in a densely populated region; it supports a globally
diverse and dynamic ecosystem, providing important social and economic services [6]. It
has a typical bifurcated estuary and a braided river channel, where the Moulmein was once
the largest seaport in Myanmar, supporting the development of the local economy. The
Salween River Delta region belongs to the Indian Ocean region, where the amplitude of tidal
fluctuations in sea level reaches 5~7 m. In this case, the mechanism of accretion or erosion
on marshes and mangrove forests of the delta is determined by the inequality of current
velocities during high and low tides. In addition, storm surges have a serious impact on
this process. The Indian Ocean region is one of the six major cyclone-prone regions in
the world with an annual average of about five to six cyclones, and it experiences a large
number of cyclone strikes with a high risk of exposure to storm surge and inundation [7].
Moreover, extreme weather events caused by storm surges can occur at any time and have
a significant impact on the coastline [8].
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Land-ocean interactions are at the forefront of research on the evolution of river
deltas and coastlines [9,10]. Global warming and sea-level rise are expected to result
in coastline erosion, while strong monsoon and vegetation degradation in the upper
reaches of rivers results in the mobilization of large amounts of sediment eventually
deposited in estuaries, expanding coastlines into the sea. Coastlines are instantaneous
and dynamic, and theoretically, their outlines cannot be extracted from clear-sky remote
sensing images which are static [11]. In practice, indicated coastlines are often used as
a substitute, mainly including the average high-tide line, dry-wet boundary, vegetation
line, and debris line [12]. It is feasible to use a unified remote sensing image data, and
pre-processing and extraction method to obtain a long-term sequence of coastlines and to
monitor their dynamic changes [13].

Recent research on the Salween River focused on the upstream areas and included
climate change effects, biodiversity protection, and hydropower development [14,15].
Landsat images were widely used in quantitative remote sensing monitoring because of
the long archiving time, stable radiation performance, and free access [16]. Other methods
used to understand the spatial and temporal evolution of river deltas in the Mekong River,
Nile River, Pearl River, and Yellow River [17-20] included statistical analysis, DSAS, and
coastline fractal analysis. These methods allow quantitative analysis of the length and
morphology of delta coastlines and increase the understanding of delta evolution and
characteristics. Analysis of the evolution of the Salween River coastline with DSAS is
valuable. However, the calculation index in DSAS is insufficient, and, while the coastline
moving distance and rate can be well-described, coastal erosion, accretion area, and change
rates cannot [21,22]. In addition, knowledge of the evolution of the river delta based on
remote sensing images is lacking. There is insufficient research on the spatial and temporal
evolution of the Salween River Delta based on multi-spectral remote sensing images.

Therefore, we used Landsat clear-sky remote sensing images to determine continental
and island coastlines of the Salween River Delta and to explore evolution characteristics
with statistical and superposition analyses. Further, we used DSAS to calculate the Linear
Regression Rate (LRR), End Point Rate (EPR), Area of Shoreline Change (ASC), and Area
Change Rate (ACR) of the continental coastline and Bilu Island. We quantitatively analyzed
coastal erosion and accretion in different areas of the Salween River Delta at multiple time
scales, focusing on the spatial and temporal evolution characteristics in the past 50 years.

2. Materials and Methods
2.1. Study Area and Data Collection

The Salween River is known as the Nujiang River in China. It originates in Anduo
County, Tibet Autonomous Region, at the southern edge of the Tanggula Mountain in
the Tibetan Plateau and flows through China and Thailand into the Andaman Sea near
Moulmein, Myanmar. In China, the Salween River Basin covers an area of 13.78 million km?
with a total length of 2013 km, while in other countries, the river basin covers an area
of 20.5 million km? with a total length of 1660 km. The Salween River Delta is an area
where many tributaries of the Salween River and other rivers converge. The Salween River
flows into the estuary from the north, and the Hanna River flows from the east, forming
braided distribution. The Salween River in China has a low latitude plateau monsoon
climate, and the delta area has a subtropical monsoon climate, with significant differences
in climate characteristics such as precipitation and temperature [23,24]. Precipitation and
temperature in the basin gradually increase from upstream to downstream. The Salween
and the Irrawaddy Rivers continuously carry a large amount of sediment to the bay of
Andaman Sea, providing the material source for the spatial and temporal evolution of
the Salween River Delta [25]. The study area (Figure 1a) is located near Moulmein, and it
includes the west and south river branches, Bilu Island, and other small islands between
the two branches. According to the locations of the islands and the mainland coastline in
the study area, we divided the study area into four regions: Area I, the western branch of
the continental coastline; Area II, the southern branch of the continental coastline; Area III,
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the continental side of the Bilu Island coastline; and Area IV, the Indian Ocean side of Bilu
Island coastline (Figure 1b).
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Figure 1. Location of the Salween River Delta with the red frame (a), division of the study area (b),
and multi-spectral clear-sky remote sensing images of Landsat series data (c).

For this study, we obtained 16 sets of Landsat clear-sky remote sensing images
(Figure 1c) for the years 1973 to 2021 (https:/ /earthexplorer.usgs.gov/, accessed on 17
September 2022). Due to the poor remote sensing technology of the early satellites, there
are few images that can be used for coastline extraction. Coastline extraction adheres to a
uniform standard and the acquisition time of selected images is concentrated in the dry
season with a low cloud cover over the study area. Since coastline evolution is slow and
the available clear-sky images in the study area are limited, we have selected 16 sets of
clear-sky remote sensing images from the Landsat series between 1973 and 2021; the details
of the images are shown in Table 1.

2.2. Extraction of Coastlines

The Landsat clear-sky remote sensing images were preprocessed, and the FLAASH
(Fast Line of sight Atmospheric Analysis of Spectral Hypercubes) tool of ENVI software
was used for radiometric calibration and atmospheric correction. The extraction of the
dry-wet boundary which is one of the indicated coastlines was completed in two steps;
first, by extracting the water boundary information from the multi-spectral images based
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on the Modified Normalized Difference Water Index (MNDWI), and second, by correcting
the boundary with visual interpretation.

Table 1. Information table of clear-sky remote sensing images.

Year Satellite Sensor Bands WRS (Path/Row) Cloud Cover (%) Spatial Resolution (m)
1973 Landsat-1 MSS 4 131/49 0.00 80 x 80
1979 Landsat-3 MSS 4 141/49 2.00 80 x 80
1989 Landsat-4 ™ 7 131/49 0.00 80 x 80
2000 Landsat-7 ETM+ 8 131/49 0.00 30 x 30
2003 Landsat-7 ETM+ 8 131/49 3.00 30 x 30
2009 Landsat-5 ™ 7 131/49 0.00 30 x 30
2012 Landsat-5 ™ 7 131/49 6.00 30 x 30
2013 Landsat-8 OLL TIRS 11 131/49 6.72 30 x 30
2014 Landsat-8 OLL TIRS 11 131/49 0.03 30 x 30
2015 Landsat-8 OLL TIRS 11 131/49 2.05 30 x 30
2016 Landsat-8 OLL TIRS 11 131/49 3.65 30 x 30
2017 Landsat-8 OLI, TIRS 11 131/49 0.04 30 x 30
2018 Landsat-8 OLL TIRS 11 131/49 0.19 30 x 30
2019 Landsat-8 OLL TIRS 11 131/49 0.00 30 x 30
2020 Landsat-8 OLL TIRS 11 131/49 0.82 30 x 30
2021 Landsat-8 OLL TIRS 11 131/49 0.90 30 x 30

The MNDWI can enhance open water features while efficiently suppressing and even re-
moving built-up land noise and vegetation and soil noise [26]; it has the calculation formula:

(Green — MIR)

MNDWI = (Green + MIR)

@
where Green is the reflectance in the green band and MIR is the reflectance in the mid-
infrared band. In addition, visual interpretation was performed directly due to the absence
of the mid-infrared band in the 1973 and 1979 remote sensing images.

The instantaneous water boundary extracted with the MNDWTI often needs further
correction due to the influence of the background of the coastal zone and of weather
factors [27]. The types of coastlines are identified based on the typical spectral features
in multi-spectral remote sensing images. On the standard false-color images, bedrock
coastlines are the dividing lines that change from dark blue to bright white, gravelly
coastlines are the dividing lines that turn from bright white to dark, and silty coastlines are
the dividing lines where red color fades or changes to gray, whilst artificial coastlines are
relatively straight and easy to identify.

2.3. Digital Shoreline Analysis System

We calculated the length of the shoreline of Bilu Island and the continental coastline,
the total area of the island, and the area of Bilu Island based on the extracted and interpreted
coastline and island vector data of the Salween River Delta. The overall temporal and
spatial changes in the coastline of the Salween River Delta were analyzed with a map
overlay. Based on this, DSAS developed by the United States Geological Survey (USGS)
was used to calculate the changing distance of the coastline, so as to quantify the spatial
and temporal evolution. This is a powerful and widely-used tool for detecting coastline
changes [28-30].

The LRR and EPR were used to evaluate the rate of coastline change. The earliest
coastline was used as the baseline, transects were generated at a sampling interval (L)
on the baseline, and the distance from the coastline to the baseline along the transect
was calculated. A linear fit between the distance and time was performed and LRR was
calculated to reflect the overall rate of coastline change. The coastlines at two of the times
were selected to calculate the EPR, reflecting the partial rate of coastline change during this
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period. Negative values indicated coastline movement toward the continent, while positive
values indicated movement toward the ocean. The formula for calculating the EPR was:

D, - D;

EPR;; = =

@

where i and j represent years; D; and D; are the distances from the coastline to the baseline;
Y;and Y; are years.

The ASC and ACR were further calculated to identify coastline erosion and accretion
segments. The ASC represents the difference in the area of the polygon between the
coastline and the baseline. The ACR represents the rate of area change, with negative values
indicating erosion and positive values indicating accretion. The formulas are expressed
as follows:

T
ASC;; =LY (Dj — Dy) 3)
t=0

LY o(Dji — Dit)
ho

ACR;j = 4)
where i and j represent years; L is the sampling interval of the coastline transects; ¢ is the
number of the coastline transects; D;; and Dj; are the distances from the coastline to the
baseline; Y; and Y; are years.

3. Results
3.1. Coastline Changes
3.1.1. Overall Changes in the Coast

The length of the continental coastline decreased between 1973 and 2021 by 0.392 km,
while the length of the Bilu Island coastline increased during that time by 6.426 km
(Figure 2). Both, the area of all islands and the area of Bilu Island exhibited significant
increases of 91.156 km and 50.377 km, respectively, indicating that Bilu Island had one
of the fastest-changing coastlines in the Salween River Delta. The overall distance of the
coastline movement between 1973 and 2021 was about 1~5 km (Figure 3a—d), and the
movement distance on the south side of Bilu Island was up to 5 km. The Bilu Island
coastline experienced a greater change than the continental coastline, especially on the
south side of the island. The south branch of the continental coastline was more stable
than the west branch, which moved a greater distance. The coastline on the Indian Ocean
side of Bilu Island moved a greater distance than the continental side, and the coastline on
the southwestern side of Bilu Island expanded significantly toward the ocean. The overall
coastline change was characterized by a greater intensity on island than on continental
coastlines, the Indian Ocean side than on the continental side, and a dominant direction of
expansion towards the ocean.

3.1.2. Changes in Continental Coastlines and Bilu Island

Among the extracted coastlines of the Salween River Delta, the coastline in 1973 was
used as the baseline, and the sampling interval (L) of the coastline transects was 200 m.
There were a total of 1917 transects (Figure 4), including 401 transects in Area I with transect
numbers from 0 to 400, 612 transects in Area III with transect numbers from 401 to 1012,
465 transects in Area I with transect numbers from 1013 to 1477, and 439 transects in Area
IV with transect numbers from 1478 to 1916. In order to visualize the changes in the
coastlines, we selected one transect as the characteristic transect every 25 transects from the
1917 transects.

The LRR, reflecting the overall rate of coastline change, ranged from —21.98 to
92.34 m/yr, with an average linear regression rate of 4.69 m/yr (Figure 4). The regional
LRR in Area I ranged from —21.98 to 51.11 m/yr, with an average linear regression rate of
1.06 m/yr; in Area II, it ranged from —14.59 to 26.15 m/yr, with an average linear regression
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rate of —2.07 m/yr; in Area III, it ranged from —14.43 to 15.98 m/yr, with an average linear
regression rate of 0.83 m/yr; and in Area IV, it ranged from —13.12 to 92.34 m/yr, with
an average linear regression rate of 21.52 m/yr. The average linear regression rates for
Area I, Area III, and Area IV were positive, and the coastline moved toward the ocean,
while that for Area II was negative, and the coastline moved toward the continent. The
average linear regression rate for Area IV was much larger than that for Areas I and III, and
the coastline movement in these areas was the most dynamic of all areas. We identified
different geomorphological coastlines: Area I and Area II are partly the sand and gravel
with the coastline retreating toward the continent; Area III is the bedrock with coastline
stable; Area IV is a typical distribution of mangroves with coastline expanding toward
the ocean.

~ 494 130 o
g g
= <
31 &0
< 5
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456 - 120
418 - 110
380 - 100
342 A - 90
—=— Allislands —=— Continental coastline
--4-- Largest island --4-- Largest island coastline
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Figure 2. The length of coastlines and the area of islands. The blue solid line represents the total area
of all islands, the blue dashed line represents the area of Bilu Island, the red solid line represents
the length of the continental coastline, and the red dashed line represents the length of the Bilu
Island coastline.

As shown in Figure 5, characteristic transects indicate the coastline change of the
area where the characteristic transects are located. First, Area IV had the largest distance
of coastline change, followed by Area I, Area II, and Area III. Second, Area IV exhibited
the largest coastline movement of about 5 km, and the Indian Ocean side of Bilu Island's
coastline was expanding into the ocean. However, the coastlines in Areas II and III moved
moderately, and the southern edge of the continental coastline and the continental edge
of Bilu Island moved for a distance of 1 km. Finally, the lengths of transects 225 and 250
in Area I greatly increased between 2009 and 2012, indicating that a western portion of
the continental coastline segment of nearly 5 km rapidly expanded into the ocean. In fact,
the spatial and temporal changes of the continental and Bilu Island coastlines (Figure 3),
and the remote sensing images for 2009 and 2012 showed that a continuous movement
of the island toward the continent and a connection to the continent has occurred. The
spatial and temporal distribution of the coastline in the four areas (Figure 6) shows that the
coastline change in Areas II and IIl was smaller than in Areas I and IV. Area IV exhibited the
most dynamic changes of —2~5 km, and the direction of coastline expansion was generally
toward the ocean.
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Figure 3. Location of the continental and Bilu Island coastlines in 1973, 1979, 1989, 2000, 2009, and
2021; the areas with intense changes in (a-d), the base map is the Keyhole image of the Salween River
Delta in 1976.

The overall and regional changes in coastline length and the End Point Rate (EPR)
indicate the trend and rate of coastline change in different periods (Figure 7). On one
hand, the average EPR of the overall coastline was largest during 2009~2013, followed
by 1979~1989, 1973~1979, 1989~2000, 2000~2009, 2013~2017, and 2017~2021. The overall
coastline moved rapidly toward the ocean during 1973~1989, slowly toward the continent
during 1989~2000, slowly toward the ocean during 2000~2009, swiftly toward the ocean
during 2009~2013, and slowly toward the continent during 2013~2021. On the other hand,
the coastline of Area I was generally expanding toward the ocean, and the direction of
coastline movement changed frequently in different periods. EPR in Area Il was low where
the coastline moved toward the continent. The coastline movement in Area III was rapid
before 1989 and moderate after that. The average distance of coastline movement in Area
IV was greatest at EPR of 40~60 m/yr in 1973~1979, 1979~1989, and 2009~2013, and an
overall expansion of about 1 km into the ocean.
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Figure 4. The Linear Regression Rate (LRR) of continental Bilu Island coastlines; red indicates
coastline movement towards the continent (receding coastline); blue indicates coastline expansion
toward the ocean.

3.2. Coastal Erosion and Accretion

The two observed directions of coastline change were toward the continent and toward
the ocean, corresponding to coastal erosion and accretion, respectively. Figure 8 shows the
Area of Shoreline Change (ASC) and Area Change Rate (ACR) of the coast and Bilu Island
for different periods, with positive values indicating coastal accretion and negative values
indicating coastal erosion. The overall change in the Salween River Delta was accretion,
with an overall accretion area of about 10 km? (Figure 8). The rate of accretion in the Salween
River Delta was not stable; with rapid accretion before 1989 and the largest accretion rate
during 2009~2013, the overall accretion area was about 8 km? during 1973~1989, with
slow changes during 1989~2009, and an accretion area of about 3 km? during 2009~2013,
followed by an erosion area of about 1 km? during 2013~2021. The ASC was largest in Area
IV, followed by Areas I, 111, and II. The change in the ASC was large in 1989, 2009, and 2013,
and the change in Areas I and IV was consistent with the whole region.
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Figure 5. Time series change in characteristic transects length along the coastline. Characteristic

transects were defined as one per 25 transects selected from among 1917 transects to describe the

spatial and temporal evolution of the coastline.
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Figure 6. Spatial and temporal change in the coastline. The horizontal axis shows the number of
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periods of the transect. The 0 indicates baseline; lines below the baseline indicate that the coastline is
receding toward the continent; lines above the baseline indicate expansion of the coastline toward
the ocean.
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Figure 7. Coastline change distance and the End Point Rate (EPR) for Area I, AreaII, Area III, Area IV,
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Figure 8. The Area of Shoreline Change (ASC) and Area Change Rate (ACR) for Area I, Area II,
Area III, Area IV, and the whole region.

4. Discussion
4.1. Reasons for the Evolution of the Salween River Delta

The spatial and temporal changes of the coastline of the Salween River Delta revealed
that the processes were dominated by accretion, with rapid accretion on the ocean side and
more gradual on the continental side. The Salween River, one of the few free-flowing rivers
in the world, has no dams in its main channel, and its waterways are complete [6]. The river
constantly carries large amounts of sediment from the upper reaches to the estuary deltas,
where it is deposited. Therefore, the stability of the sediment supply and the integrity of
the main channel is responsible for the accretion of the Salween River Delta.
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Precipitation(mm)

Sediment transport is considered an essential factor that leads to coastal accretion or
erosion [31]. The change in the solid runoff is the most important factor determining the
influx of sediments into the delta. For the Salween River, given that no dams have yet been
built on the river, the liquid runoff will reliably reflect the solid runoff of the river. National
Centre for Atmospheric Sciences (NCAS) provides global monthly precipitation data
covering the land surface from 1901 to 2021 (https://crudata.uea.ac.uk/cru/data/hrg/,
accessed on 23 January 2023), on the basis of which to analyze the interannual variability
of precipitation in the Salween River Basin (Figure 9). Annual precipitation increased by
0.74 mm/yr based on monthly precipitation data from 1973 to 2021 in the Salween River
Basin. The increase in precipitation in the basin increases the sediment transported to the
Salween River Delta, which contributes to its accretion. However, Figure 9 presents that
the increase of precipitation is stable and slow, revealing its effect on runoff recharge and
sediment transport capacity is also stable and general in the past 50 years.
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Figure 9. The interannual variability of precipitation in the Salween River Basin from 1973 to 2021.

The difference between the rapid accretion on the Indian Ocean side and the stability
on the continental side of Bilu Island is underlying due to coastal sediment dynamics, in
particular, a result of sediment back to the coastline under the influence of monsoon climate.
Earlier research has shown that sediments in the northern Andaman Sea are mainly derived
from the Irrawaddy River [32]; they are imported to the continental shelf with floods
during the southwestern monsoon and high river flows [33], providing a material source
for coastal accretion. The Andaman Sea in the north of the Indian Ocean is characterized by
the seasonally-reversing Asian monsoon [34]. Due to the southwestern monsoon between
May and September and the northeastern monsoon between December and February, the
sediments in the Andaman Sea bays are resuspended under the powerful cyclonic and
anti-cyclonic flows [35]. Subsequently, the sediments are deposited down the coast, leading
to rapid accretion on the Indian Ocean side of Bilu Island.

The Salween River Delta was dominated by accretion. The combined Irrawaddy and
Salween system is regarded as contributing 20% of the total flux of material from the
Himalayan-Tibetan orogen [36], and these two rivers discharge about 600 Mt of sediment
annually to the sea [36,37]. Recent research presents that there is an annual sediment flux of
326 Mt from the Irrawaddy and 159 Mt from the Salween River [38]. In addition, sediments
delivered from the Ayeyarwady distributary mouths are mainly transported eastward to
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the Gulf of Martaban by waves and currents [39], so the coastline on the Indian Ocean side
exhibited the largest change with rapid accretion. However, the rate of accretion was not
stable. Accretion before 1989 was rapid, and during 1989~2009, it was very slow, and that
may be related to the instability in sea level rise. Studies have shown that the global sea
level has been rising on average since 1990, and the rate of rising increased after that [40].
The rate of sea level rise in the northern Indian Ocean was 0.68 £ 0.03 mm/yr between 1958
and 2015, and it accelerated to 2.3 £ 0.09 mm/yr between 1993 and 2015 [41]. Anomalous
warming events detected during 1994~1995 and 1997~1998 have changed the upper Indian
Ocean circulation [42]. Time series of sea level change in the Indian Ocean showed that the
acceleration of sea level rise during 1994~1995 and 1997~1998 was significantly correlated
with the El Nino-Southern Oscillation (ENSO) [43]. The accretion rate of the Salween River
Delta during 1989~2009 was balanced with the rate of sea level rise [44], resulting in the
overall slow change of the coastline changed.

4.2. A Comparison with Other River Deltas in Indochina

The Mekong River is an important international river in the Indochina Peninsula. It is
similar to the Salween River in terms of geographical location, river direction, and climate.
However, the difference between the Mekong and the Salween Rivers is damming of the
Mekong River since the 1990s, with a decrease in the water level gradient and in sediment
transport [45]. The drastic human intervention in the river system resulted in a continuous
decrease in sediment flux into the ocean, which is one of the major reasons for the shrinkage
of the Mekong River Delta [46].

Both, the Irrawaddy and the Salween River are among the few large rivers without
dams in the main channel [6], and relatively scarce other human activities. The Irrawaddy
and Salween Rivers now rank third in the world in total sediment transport [47]. However,
large-scale agricultural expansion and mangrove deforestation in the delta have disturbed
the balance of the delta [43]. Human activities reduce the supply of coarse sediment into
the coastal plain, leading to further erosion of the delta. At the same time, deforestation
and mining in the Irrawaddy Basin provide ultrafine sediments, a fraction of which is
driven eastward to the northern Andaman Sea eventually becoming a source of material
for accretion in the Salween River Delta [47].

4.3. Research Limitations and Future Needs

In this study, we used Landsat clear-sky remote sensing images to extract coastline
parameters; Landsat images have the advantage of long time scale, convenience of data ac-
quisition, and unified data processing, but the accuracy of coastline extraction is influenced
by the poor spatial resolution of the early Landsat satellites. Initially, we wanted to extract
coastline information from an acquired 1976 Keyhole image with higher spatial resolution
and compare it to the Landsat image. However, the accuracy of the absolute location of
the extracted coastline cannot be guaranteed because the Keyhole image does not contain
location information. Therefore, the Keyhole image was only used as a reference for the
base map in Figure 3.

The state of the tide can influence the position of the coastline, and we try to determine
the state of the tide. However, all remote sensing images were acquired at around ten o’clock
in the morning, but the tidal periodicity is close to a day but not a day, so the tidal state at the
time of image acquisition is inconsistent and uncertain due to the unavailability of the tidal
data at the time of image acquisition. We corrected the boundary with visual interpretation
during the process of coastline extraction, but it did not give some consideration to the
influence of tides. Therefore, we roughly calculated the maximum tidal impact on the
coastline location based on the maximum tidal range of the Salween River Delta and the
average coastal slope [49]. The Salween River delta is located in the eastern part of the Gulf
of Martaban, which has a maximum tidal range of 4 m [35]. We calculated the average
coastal slope («) which is 3.19° according to the DEM with a resolution of 30 m. Then, we
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calculated the maximum tidal impact on the coastline location which is 72 m according to
the formula:
T=R/sinx (5)

where R represents the maximum tidal range and T represents the maximum tidal impact
on the coastline location.

Determination of baseline and transect interval (L) in DSAS influences the ability to
describe coastline changes and coastal erosion and accretion [45], especially for curved
coastlines. Too large L will not accurately describe the shoreline variation, and a too
small L will result in the intersection of coastline transects and increase the computational
complexity. We compared multiple values of L, with L as small as possible in the condition
that the coastline transects do not intersect as much as possible. One of the better solutions
is to separate the coastline based on its curvature and set a dynamic sampling interval.
Since the coastline in this study was generally straight, this had little influence on our
results; it is, however, worthwhile to conduct further studies in other study areas.

We summarized the spatial and temporal evolution and discussed the natural and
human influences on the Salween River Delta, and compared it to the evolutionary char-
acteristics of other river deltas in Indochina. However, empirical evidence is still needed
to fully describe the dynamic evolution mechanisms of the Salween Delta. For example,
storms and typhoons may have a serious impact on the coast, which will be an important
part of our future work.

5. Conclusions

In the Salween River Delta, the overall change of the coastline was more rapid on the
island than on the continent, and on the Indian Ocean side more than on the continental
side. The length of the continental coastline decreased, and the area of islands and the
length of the Bilu Island coastline increased from 1973 to 2021.

The average LRR of the overall coastline was 4.69 m/yr. The coastline on the Indian
Ocean side exhibited the largest change with an LRR of 21.52 m/yr, while the coastline
on the continental side of Bilu Island exhibited the smallest change. The southern branch
of the continental coastline shifted toward the continent, while the western branch of
the continental coastline, the continental side of Bilu Island, and the Indian Ocean side
expanded toward the ocean.

The Salween River Delta was dominated by accretion, with an overall accretion area
of about 10 km? from 1973 to 2021. However, the accretion rate was not stable, with rapid
accretion before 1989, very slow accretion between 1989 and 2009, a maximum accretion
rate between 2009 and 2013, and slow erosion between 2013 and 2021.
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