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Abstract

Erosion and accretion occuring in coastal areas are indications of changes
in the coastline’s position. The beach areas in Bali have high economic
value as tourist attractions; yet, the condition of the beaches in several
places on the island is very concerning. Monitoring shoreline changes can
be accomplished using remote sensing technology which is more efficient
than the conventional methods. This paper describes the results of
changes in the coastline from 2014 to 2021 with remote sensing for all
coastal areas of the island of Bali surveyed in the field. This research has
successfully detected changes in coastlines throughout the coastal areas
of Bali Island by remote sensing method and verified by field survey. The
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survey results also show that remote sensing method has met the survey
from previous studies specifically in Gianyar Regency and Jembrana
Regency. Hence, it is applicable for further use in other areas.

This is an open access article under the CC BY license.

Introduction

The problem of coastal areas in Indonesia is one of the environmental issues that needs serious attention. Many
infrastructures and cities were built in coastal areas. Therefore, environmental conditions in coastal areas should
always be monitored and maintained. One factor of the level of damage to coastal areas is shown from the damage
to the coast due to abrasion. This can be seen from changes in the coastline that occurred in an area. Coastline changes
or often called coastline evolution occur on a scale of seconds to millions of years [1-4]. Coastline changes consist
of abrasion and accretion phenomena. The abrasion and accretion processes result in unbalanced coastal conditions
and have an impact on damage to coastal areas [5,6].

Abrasion is the process of coastal erosion by destructive ocean waves and ocean currents. The abrasion process could
damage infrastructure in coastal areas, such as access roads, bridges, and buildings around the coast (houses,
factories, port facilities), rice fields, pond areas, and beach recreation areas [7—10]. Coastal accretion is a change in
the coastline towards the open sea due to the process of sedimentation from land or river mouths on the coast. This
accretion process can occur due to sedimentation resulting from land clearing (land conversion), high volumes of
fresh water runoff due to high rainfall, and the transport of sediment from river bodies to the sea. On the other hand,
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a prolonged coastal accretion process (from thousands to millions of years) can also cause sedimentation to spread
evenly over a certain area, giving rise to a new land in the form of a delta or raised land. Coastal accretion processes
usually occur in coastal waters where there are many river mouths and have small sea wave energy [11].

Monitoring changes in coastlines can be done by direct field surveys. However, because coastal areas are well-known
with large and elongated areas, direct field surveys are very inefficient (requires high costs and requires a long time).
One very efficient method for monitoring coastline changes is by utilizing remote sensing method [12-29]. Research
on monitoring shoreline changes as a whole in the coastal areas of Bali Island using Synthetic-Aperture Radar (SAR)
imagery has been conducted in several research [30,31]. This research enables the provision of information about
changes in coastlines spatially and temporally along the coastal areas of the island of Bali. Research on shoreline
changes, especially in several coastal areas of the island of Bali, has also been carried out previously by several
papers [32-37]. The type of image used is an optical image. Meanwhile, the use of SAR imagery was carried out in
other papers [38,39] where the location is on the Southeast Coast of Bali Island (Coast of Gianyar Regency and
Klungkung Regency). By knowing the changing conditions of the coastline along the coastal areas of Bali Island, an
evaluation of beach conditions can be carried out. The results of this research serve as a reference for prioritizing
maintenance efforts on impaired beaches and maximizing the development of potential beaches. This research is
significant to be executed immediately because obtaining the earliest data on changes in coastlines may prompt
consideration of rapid mitigation actions. The results of mapping changes in coastlines in the coastal areas of Bali
Island will be described in detail in this research and the results of the field survey are presented as validation of the
remote sensing analysis results.

Method

The research location is carried out along the coastal area of the Bali Island by dividing up into several regions as
shown in Figure 1. The figure is downloaded from Satellite Sentinel-1 A&B with the link (https://esar-ds.eo.esa.int/
oads/access/collection/ASA_IMP_1P) in period of 2014 to 2021. There are eight regencies and one city in Bali Island.
After downloading the SAR imagery, it continues with pre-processing SAR imagery, analyzing the quality of image
polarization, image thresholding, extracting coastline, coastline change detection, validation and accuracy testing [40].
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Figure 1. Maps of Research Area

Coastline Change Analysis during 2014 - 2021 with Digital Shoreline Analysis System (DSAS) Software

Several steps involved in the process of analysis with Digital Shoreline Analysis System (DSAS) applications [41—
43] are as follows.

Determination of the Reference Line or Baseline

The process of determining the reference line (baseline) is a vital step in the analysis of DSAS applications. This
baseline is used as the main reference to measure shoreline changes every year. This process is carried out by creating
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a "buffer" of all shoreline extraction results. DSAS would determine the best baseline for all shoreline data. Figure 2
shows an example of the process for making a baseline (reference line) from coastline data in 2014 and 2021. The
baseline line is shown by the white line and the red line indicated the coastline in 2021 and blue line indicated the
coastline in 2014.

Figure 2. Example of a Baseline (Reference Line) Making Process from Coastline Data for 2014 and 2021
Determination of the Shorelines to be Analyzed
During the baseline development process, each year's coastline data is stored separately in shapefile (.shp) format.

Based on the year of data, there should be more than one coastline data for comparation of each data. Afterward, the
process of merging all shapefiles must be carried out into one shapefile and named shorelines.shp as shown in Figure 3.

"o 1 0 [ED] porct2sdected
shoretnes |

Figure 3. Example of Combining Several Coastlines from Different Years in One Shapefile (Shorelines.shp)
Conducting Parameter Settings (Baselines and Shorelines)

The aim of this process is to determine the parameters of the DSAS application. These parameters would be used
further for analysis and calculations. Figure 4 is an example for determining the baseline parameters, which include
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the baseline layer and orientation. Figure 5 shows how to determine the shorelines parameters. Figure 6 explains the
metadata parameters such as user general information, research purpose and contact information.

Creating Transects and Performing Statistical Calculations

After all parameters have been set up, then the transect can be determined. The transect is a line perpendicular to the
baseline and assists in measuring the shoreline changes from the baseline. The process and parameter settings for
making a transect are shown in Figure 7, which include the casting and define the spacing distance. Results of making
a transect are shown in Figure 8. The completed transect is shown in green line, and it measures the shoreline changes
between the baseline (white line), 2021 coastline (red line) and 2014 coastline (blue line).
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Figure 6. Determine Parameters for Metadata (user Figure 7. Process and Parameter Settings of
information and research topics) in DSAS software Creating Transects
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Figure 8. Results of Making a Transect (Green Line)

Results and Discussion

Based on the DSAS application result, changes in coastlines from 2014-2021 for the entire Bali Island are shown in
Figure 9 [14]. Abrasion is indicated by color and negative values as follows: green (0 to -10m), yellow (-10 to -20m),
orange (-20 to -30m) and red (more than -40m). While accretion is indicated by a positive value, with the following
colors and values: light blue (0 to 10m), blue (10 to 20m), and dark blue (more than 30m). Explanation of the coastline
changes in each region is described in several paragraphs below in more detail.

The field survey was conducted in five regencies in Bali, including: Buleleng Regency, Klungkung Regency, Gianyar
Regency, Badung Regency and Jembrana Regency. Surveys were carried out in areas that revealed coastal damage
(either abrasion or accretion) from the Sentinel-1 imagery. Results of the survey and observation on the field verify
that the results of coastline changes by using Sentinel-1 imagery have an agreement of abrasion and accretion
occurrence in shoreline of Bali Island.
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Figure 9. Results of Coastline Changes from 2014-2021

Buleleng Regency

Buleleng Regency is the region in the northern side of Bali that has the longest coastline in the island. The results of
this research show that changes in coastline conditions are relatively small compared to other regencies in Bali.
However, the beaches with the worst abrasion are in the Anturan Village area and along Camplung Beach. The rate
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of abrasion occurring at this location is more than -5 m/year with a length of around 3,245 meters. In other locations,
abrasion also occurs, notebly on Air Sanih Beach with an abrasion rate of 5-10 m/year on a length of 977 m. The
results in Buleleng Regency are shown in Figure 10. The graph in Figure 10(b) is the result plot of Figure 10a with
the x-axis based on location of Transect ID = 1 to 6517. The y-axis indicates the value of abrasion (negative value)
or accretion (positive value) on each transect with distance of 25 meter.

Anturan Village and Camplung Beach location are indicated between Transect ID = 2200 to 2400. The documentation
of the field survey conducted on the beach in Anturan Village is shown in Figure 11. On this beach, abrasion is
dominant and has eroded several tree roots structures on the beach. The Buleleng regency government seems to have
started building revetments to prevent erosion from getting worse. This was proven when the survey team came to
the area and observed the process of building revetments and concrete pavement.
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Figure 80. (a) Results of Changes in Coastline (m), and (b) Rate of Change in Coastline (m/year) in Buleleng Regency from
2014-2021
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Figure 11. Coastline Survey in Anturan Village, Singaraja, Buleleng Regency
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Furthermore, the conditions at Camplung Beach are shown in Figure 12. Information about abrasion at Camplung
Beach has long been reported by the local community. This can be seen from the team's survey results which show
abrasion conditions at various points on the coast. Monitoring by the research team points out that there are no signs
of beach improvements being carried out by the government.

Figure 12. Coastline Survey in Camplung Beach, Singaraja, Buleleng Regency

Karangasem Regency

The results in Karangasem Regency are shown in Figure 13. Beach erosion in Karangasem Regency occured in the
West Tianyar Coastal Area (Transect ID 245-300) with an abrasion rate of 5 m/year over a length of 1,440 meters,
in the Buitan Village Coastal Area (Transect ID 2800-2848) with an abrasion rate of 5-10 m/year over a length of
around 1,200 meters, and in the coastal area of Antiga Kelod Village (Transect ID 3140-3186) with abrasion rate 5-
10 m/year with a length of 1,143 meters.
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Figure 13. (a) Results of Changes in Coastline (m), and (b) Rate of Change in Coastline (m/year) in Karangasem Regency
from 2014-2021
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Klungkung Regency

Klungkung Regency has the shortest coastline compared to other regencies in Bali. Nevertheless, the level of coastal
damage due to abrasion in this regency is severe. The results in Klungkung Regency are shown in Figure 14. The
results of this research show that abrasion occurred on Karangdadi Beach (east of Kusamba Harbour) in Transect ID
125-260. The rate of abrasion that occurs at this location is around 5-15 m/year with a length of more than 3,345
meters. Abrasion also occurs on Lepang beach (Transect ID 410-458) and its surroundings at 5-10 m/year along the
length of 1,167 meters.
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Figure 14. (a) Results of Changes in Coastline (m), and (b) Rate of Change in Coastline (m/year) in Klungkung Regency from
2014-2021
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Figure 15. Coastline Survey in Kusamba Beach, Klungkung Regency

The survey location in Klungkung Regency is situated in the eastern part of Kusamba Harbour. The unique condition
of this beach is shown by the results of the Sentinel-1 image which identifies the coastline is moving towards land
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(abrasion). Conversely, field surveys pointed out sedimentation that has covered half the height of local buildings
and temples as shown in Figure 15. This is possibly caused by waves heading towards land and carrying sand material.

Gianyar Regency

The results in Gianyar Regency are shown in Figure 16. The worst beach erosion in Gianyar Regency occurred in
Lebih Beach area and the surrounding coastal areas (Transect ID 200-288) with abrasion lines reaching 5-10 m/year
with a length of around 2,190 meters. Abrasion also occurs in Masceti Beach area and its surroundings (Transect 1D
300-374) with an abrasion rate of more than 5 m/year with a length of 1,850 meters. Previous study in Lebih Beach
has been done with the results of abrasion rate between 2009-2015 by SPOT satellite is around 3.9 m/year [44]. By
comparing the previous study with the results of this research, it is clear that Lebih Beach’s coastline is experiencing
abrasion.
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Figure 17. Coastline Survey in Lebih Beach, Gianyar Regency and Its Surroundings
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The field survey in Gianyar Regency was focused on Lebih Beach and its surroundings. The research team found
that the local government has long taken action to deal with abrasion disasters by constructing coastal protection
structures and pavements. However, due to the strong waves on this beach, there was serious damage to the building
(Figure 17).

The research team also discovered that the Bench Mark (BM) in the Bali-Penida river area had collapsed due to
abrasion, as shown in Figure 18. This proves that the waves that caused the abrasion were very strong. Of course, the
BM structure cannot be used as a benchmark anymore because the position and slope have changed.
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Figure 18. The Condition of the Bench Mark (BM) belonging to the Bali-Penida River Area had Collapsed due to Abrasion
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The coastline of Denpasar City, especially in the Serangan Island area, is quite complicated. The results in Denpasar
City are shown in Figure 19. Abrasion occurred in the Kesiman-Kertalangu area (Transect ID 1600-1653) with an
abrasion rate of more than 5 m/year over a length of 1,320 meters. To the south of the Suwung landfill site (Transect
ID 450-468), abrasion occurs at around 5-10 m/year with a length of 445 meters. Abrasion also occurs in the Serangan
Island area (Transect ID 1100-1116) with an abrasion rate of around 5-10 m/year with a length of 405 meters. This
research also found abrasion in the landfill area before the entrance to Benoa Harbour (Transect ID 170-200). The
abrasion rate in this area is around 5-10 m/year with a length of 716 meters.

Badung Regency

Badung Regency has several beach areas which is well-known to be tourist destinations. The results in Badung
Regency are shown in Figure 20. Beach erosion in Badung Regency occurs on Petitenget Beach (Transect ID 200-
279) occurs at a rate of 5-10 m/year with a length of 1,971 meters. Abrasion at Kuta Beach (Transect ID 475-600)
with an abrasion rate reaching more than 10-15 m/year with a length of 3,125 meters. Abrasion also occurs in the
Jimbaran - Kedonganan Beach area (Transect ID 800-900) at a rate of 5-10 m/year along a length of 2,501 meters.
On the east coast of Ngurah Rai Airport (Transect ID 3000-3030), abrasion occurred at a rate of around 5-10 meters
with a length of 746 meters. Another location is Pudut Island (Transect ID 2400-2448), this area has long been
reported to experience abrasion, and this research recorded an abrasion rate of more than 5 m/year with a length of
1,182 meters.
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Figure 20. (a) Results of Changes in Coastline (m), and (b) Rate of Change in Coastline (m/year) in Badung Regency from
2014-2021

Utilizing drone for coastal surveying is also feasible to be done to be compared with remote sensing [45]. Field
surveys at Petitenget Beach were also conducted utilizing drones in 2021. Mapping using a DJI Phantom 4 Pro drone
and five ground control points (GCPs) which were evenly distributed along the coastline. The results of coastline
extraction using a drone are shown in Figure 21. The yellow line is the result of coastline extraction using a drone.
The red line is the 2021 coastline obtained from Sentinel-1 imagery. The blue line is the 2014 coastline obtained
from Sentinel-1 imagery. Overall, the coastline analysis obtained from Sentinel-1 imagery in 2021 (red line) is almost
inline as the coastline field survey obtained using drones (yellow line) in the same year. The coastline changes from
2014 to 2021 are indicated by the distance of blue line to the red line or yellow line. This shows that the Sentinel-1
image results are applicable for the use in this research to give information on coastline changes in Bali.
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Figure 21. Results of Coastline Extraction using Drones (yellow line), 2021 Coastline (red line) and 2014 Coastline (blue line)
in Petitenget Beach, Badung Regency

When data collection was carried out using drones, the research team also observed the Petitenget beach conditions
in the field. There are several signs indicating abrasion on this beach as shown in Figure 22.
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Figure 22. Coastline Survey in Petitenget Beach, Badung Regency and Survey T
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Initially, the research team was planning a drone survey to be carried out on Kuta beach. However, after checking
the drone track, the team found that Kuta beach was included in the Aviation Security Area. This area is an area that
is prohibited for flying drones. Thus, the drone survey was moved to Petitenget beach. On the other hand, the research
team made direct observations and found evidence of abrasion and accretion on Kuta Beach as shown in Figure 23.
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Figure 23. Coastline Survey in Kuta Beach, Badung Regency
Tabanan Regency

The results in Tabanan Regency are shown in Figure 24. Beach erosion in Tabanan Regency predominantly occurs
in areas along the coast of Selemadeg, East Selemadeg and surrounding areas (Transect ID 375-542). The abrasion
rate in these areas reaches 10-15 m/year, with a total length of around 4,167 meters. In another area, namely the
Lalanglinggah coastal area (West Selemadeg) with Transect ID from 0-52, abrasion occurs at a rate of 5-10 m/year
with a length of 1,293 meters.
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Figure 24. (a) Results of Changes in Coastline (m), and (b) Rate of Change in Coastline (m/year) in Tabanan Regency from
2014-2021

Jembrana Regency

The results in Jembrana Regency are shown in Figure 25. The worst abrasion in Jembrana Regency occurred in the
coastal area of Melaya Beach (Transect ID 700-785), abrasion occurs at a rate of more than 5 m/year with a length
of around 2,129 meters. In the coastal area of Pebuahan, Banyubiru District (Transect ID 1000-1228). The rate of
abrasion in this area reaches 10-15 m/year with a length of 5,694 meters. Abrasion also occurs in the Cupel Beach
area (Transect ID 1350-1462) at a rate of 5-15 m/year along a length of 2,814 meters. Abrasion also occured along a
3,105-meter stretch in the Perancak Beach area (Transect ID 2250-2375) at a rate of around 5-10 m/year. Nearby
Medewi Beach (Transect ID 3050-3295), abrasion occurs at a rate of more than 10 m/year along 6,107 meters.
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Previous studies in Jembrana Regency shows that coastline changes are occurred in several beaches in Jembrana,
where the research results in this paper has an agreement with the previous study [34,46].
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Figure 25. (a) Results of Changes in Coastline (m), and (b) Rate of Change in Coastline (m/year) in Jembrana Regency from

2014-2021

In addition to the result in Figure 25, the results of the field survey at Pengambengan Fish Harbour Beach (Transect
ID 1650-1900) showed that there was large sedimentation in the east of the harbor (Figure 26). Most likely this
sedimentation is the effect of long-term construction on the harbour shoreline. It is likely that the sand which caused
this sedimentation came from the river estuary to the east of the port. From the surrounding information, this
embankment was built to overcome the sedimentation process that occurs in the fishing boat harbour.

Figure 26. Coastline Survey on Th

N E ez e 2%

e Beach of Pengambengan Fish Harbour, Jembrana Regency
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Severe coastal abrasion occurred along Pebuahan Beach. Numerous sections of road were damaged due to this
abrasion. Moreover, there were traces of buildings that have been eroded by abrasion and the only structure left was
basic construction of the building (Figure 27). There is a high possibility that this abrasion occurred due to the
construction of embankments at the Pengambengan fish harbour. Sand material collected on the east coast of
Pengambengan harbour should be able to reach Pebuahan Beach if the embankment is not built.

For the coastline extraction results in Jembrana Regency, a validation test was carried out with reference data from
Landsat 8 results [44]. The comparison results in Figure 28 point out that the two coastlines in general is in a good
agreement to define the coastline area. There are some differences at several points, which is most likely due to
differences in spatial resolution between Sentinel-1 and Landsat 8 data [47-52].
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Figure 28. Comparison Results of SAR and Landsat Coastlines in 2019. Landsat Results were Obtained from [44]

Conclusions

From this research, DSAS result has been done to monitor and analyses the coastline changes in Bali Island and
verified by field survey. The conclusions obtained from this research include:
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1. This research has succeeded in detecting changes in coastlines throughout the coastal areas of Bali island by
utilizing Synthetic Aperture Radar (SAR) remote sensing technology and Digital Shoreline Analysis System
(DSAS) from 2014-2021.

The SAR image used comes from the Sentinel-1 satellite which has a resolution of 15x15 meters.

3. Field surveys confirmed the results of coastline extraction from Sentinel-1 imagery, where abrasion and accretion
was found on several beaches in Bali. Previous studies in Gianyar Regency and Jembrana Regency also confirmed
these findings.

4. Validation results using drone data show that the coastline extraction results from Sentinel-1 imagery are in
agreement with the DSAS result and field survey to the location.

o

In this research, Sentinel-1 imagery with a resolution of 15x15 meters was used, which has shortage on less detailed
coastlines, especially on beaches with winding coastlines. In the future as a recommendation, future research can be
conducted with better resolution for data accuracy. One of the options is data from ALOS-2 with a resolution of 3x3
meters. However, this data would need cost for access fee. Therefore, it is necessary to establish cooperation in the
field of coastline change research to obtain ALOS-2 data. In addition to the coastline condition, some of the damaged
beaches have been or are currently being repaired by the government. However, there are also beaches that have been
repaired but are damaged again due to strong waves.
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