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ARTICLE INFO ABSTRACT

Keywords: Coastal landforms are constantly changed due to both natural and anthropogenic forces. An
Shoreline change attempt is made to analyze short-term coastal landform changes on the east coast of Sri Lanka
Coastal erosion using remote sensing and geographic information system (GIS) techniques. Such landform
Coastal accretion changes can be classified as either negative (e.g. erosion) or positive (e.g. accretion) impacts.
Landsat Surface reflectance images of Landsat 5 Thematic Mapper (TM), Landsat 7 Enhanced Thematic

Digital shoreline analysis system Mapper Plus (ETM+), and Landsat 8 Operational Land Imager/Thermal Infrared Sensor (OLI/

TIRS) were analyzed for extracting spatial and temporal changes, based on cross-shore profile
analysis and geomorphic change detection. In this study, we developed a novel script model built-
in ArcMap for image pre-processing and processing. This model covers six functioning areas of
mosaic, land feature extraction, cloud layer generation, vectorization, cloud masking, and
smoothing. The green band and mid-infrared images were selected due to the largest reflectance
difference between water and non-water bodies. These images have proceeded with modified
normalized difference water index (i.e. algorithm of the script model for extracting water and
land features). We also quantified the landform changes such as net shoreline movement,
shoreline change envelope, endpoint rate, and linear regression rate, using a digital shoreline
analysis system (i.e. statistical software combined with ArcMap™). Therefore, landform changes
were classified as erosion (>-2.5 m/year), minor seasonal changes (—2.5 m/year to +2.5 m/
year), accretion (>+2.5 m/year), based on the annual variations of endpoint rate (i.e. the dis-
tance between the oldest and the youngest shorelines to particular time interval). We visualized
spatial and temporal coastal landform changes along the east of Sri Lanka, and also identified
short-term landform change drives such as tsunamis, cyclones, and anthropogenic activities (e.g.
engineering constructions). These landform changes were observed with a global positioning
system (GPS)-based field survey. The understanding of such impacts can be directly applied to
sustainable coastal zone management.

1. Introduction

Shoreline changes are dependent on several factors such as regular oceanic waves from monsoon winds, longshore currents, rise in
sea level, short-term natural processes (e.g. tsunami, typhoon), and anthropogenic activities (Palamakumbure et al., 2020; Gunasinghe
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etal., 2021). These geomorphological changes can be categorized as positive (coastal accretion) and negative (coastal erosion) impacts
on the stability of the coastal sediment budget (Desprats et al., 2010; Ratnayake et al., 2019; Quang et al., 2021). The identification of
local/regional coastal erosion can be recognized as an initiative for any coastal zone management action. Dynamic changes in coastal
areas can be explored mainly using two methods of remote sensing and beach surveying (Thomas et al., 2020; Islam et al., 2020;
Ratnayakage et al., 2020). Previous investigations have analyzed geomorphological changes in the nearshore areas using several
remote sensing methods with different precision and accuracy levels (Desprats et al., 2010; Ratnayake et al., 2018; Duong et al., 2021).
These remote sensing methods have been widely used due to many advantages such as the ability (i) to collect information over large
spatial areas, (ii) to characterize natural features or physical objects on the ground, (iii) to observe the surface area and objects on a
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Fig. 1. Major geographical zones of the east coast and its subsets.
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systematic basis and monitor their changes over time, and (iv) to integrate satellite data with other information to aid decision making.

Sri Lanka has a coastline spanning over 2000 km in length inclusive of geomorphological features such as lagoons, bays, and islets
(Lowry and Wickremeratne, 1988). Several case studies have been carried out to determine quantitative and qualitative coastal erosion
mainly along the south and west coasts of Sri Lanka (Amalan et al., 2018; Senevirathna et al., 2018; Duong et al., 2021). However, only
a very few studies have focused to identify such coastal changes along the east coast of Sri Lanka. The east coast of Sri Lanka consists of
several harbors (e.g. Hambantota, Oluvil, Trincomalee), urbanization areas/tourist hotspots (e.g. Arugambay, Pasikuda, Nilaveli), and
archeological and biological conservation sites (e.g. Kumana and Yala national parks), and high-grade mineral deposits (e.g. Verugal,
Pulmoddai, Kokkilai) (Adikaram et al., 2021; Subasinghe et al., 2021). Therefore, the eastern coastal belt of Sri Lanka is an envi-
ronmental hotspot and an important zone for the country’s development. Besides, the east coast of Sri Lanka experienced rapid ur-
banization, and implemented several development projects after the end of the civil war in 2009. Consequently, the objective of this
study is to quantify the shoreline changes and examine sediment dynamics over the last two decades. In this paper, we analyzed
detailed morphological changes along the east coast of Sri Lanka covering 600 km based on Landsat digital maps.

2. Methodology

This study covers the entire eastern coastal area from Karainagar to Bundala (Fig. 1). The study area was divided into three major
geographical zones (labeled as A, B, and C). These major geographical zones were further divided into subsets, A (n = 21), B (n = 29),
and C (n = 33), with each an area of 43 km? (Fig. 1).

The United States Geological Survey (USGS) provides surface reflectance data of Landsat 5 Thematic Mapper (TM), Landsat 7
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Fig. 2. The main steps of the script model.
MNDWI = (bandg,een — bandswiry)/ (bandgree, + bandswiry) (Eq 1)
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Enhanced Thematic Mapper Plus (ETM+), and Landsat 8 Operational Land Imager/Thermal Infrared Sensor (OLI/TIRS) through Earth
Explorer, which have 30 m spatial resolution. Scene cloud and land cloud covers are included in Landsat level-1 data. The C Function of
Mask (CFMask) algorithm calculates the percentage of cloud cover over an entire Landsat scene (Foga et al., 2017). Land cloud cover
was utilized to calculate the percentage of clouds. In this step, the world vector shoreline dataset of the National Oceanic and At-
mospheric Administration (NOAA) was used to distinguish land from water interfaces. Less than 50 percent of land cloud covers were
selected for generating level-2 data (i.e. for extracting undisturbed shorelines).

Top-of-atmospheric reflectance values depend on the nature of the earth’s surface and atmospheric aerosols/gases conditions.
Landsat surface reflectance is defined as the fraction of solar radiation that reaches the Landsat sensor after being reflected from the
earth’s surface. In this case, surface reflectance is derived from top-of-atmospheric values. Therefore, surface reflectance helps to
characterize the earth’s surface change (Vermote et al., 2016). The Earth Resources Observation and Science Center of the USGS
corrects satellite images for atmospheric effects using Landsat ecosystem disturbance adaptive processing system (LEDAPS) software
for Landsat 5 and 7 data (Masek et al., 2006). The land surface reflectance (LaSRC) code is used for Landsat 8 data (Vermote et al.,
2016). These generated surface reflectance images are known as level-2 data.

In this study, path/row numbers of 142/053, 141/053, 141/054, 140/055 and 140/056 in the worldwide reference system
(WRS-2) were selected to obtain Landsat data covering the east coast of Sri Lanka (See appendix 1). Image pre-processing and pro-
cessing were carried out using a model builder in ArcMap. This model consists of six functioning zones of mosaic, land feature
extraction, cloud layer generation, vectorization, cloud masking, and smoothing (Fig. 2 and Appendix 2). The green band
(0.519-0.601 pm), shortwave infrared (SWIR 2) band (2.064-2.345 pm) and cloud band (sr_aerosoal: belongs to Landsat 8 and
sr_cloud_qa: belong to Landsat 5 and 7) of collection 1 tier 1 level-2 data products were fed on the script model (Asmadin et al., 2018).
Data products of level-2 were merged band-wise using mosaic processes. The mosaic images of the green band and mid-infrared band
have proceeded with the modified normalized difference water index (MNDWI) value (Xu, 2006). Shoreline extraction and mapping
were performed based on the calculated MNDWI threshold value for Landsat data.

The optimum threshold value was decided by several reclassification tests with QuickBird images. The MNDWI values range from
—1 to +1, and can be used to separate land features from water features. These land and water interfaces were reclassified to two
different binary values (Acharya et al., 2018). The final output is vectorized, and smoothed polylines are identified as shorelines. The
shoreline accuracy assessment was done with reference shoreline extracted from Google Earth images (See Appendix 3 for the accuracy
assessment of the model).

The digital shoreline analysis system (DSAS) was used to calculate spatial and temporal shoreline movements (Himmelstoss et al.,
2018; Quang et al., 2021). The software is based on three major parts of baseline, shorelines, and transects. The baseline was con-
structed using the buffering process. All selected shorelines were merged into one feature class and created a buffer zone. The transects
were generated perpendicular to the reference baseline with 10 m spacing. The outputs of the script model have proceeded to DSAS for
analysis of coastal changes. The net shoreline movement, shoreline change envelope, endpoint rate, and linear regression rate were
calculated using the DSAS. Field observations were used to validate model results.

The net shoreline movement (NSM) is the distance between the oldest and the youngest shorelines for each transect.

NSM = (oldest shorelinegisyance — youngest shoreline gistance ) (Eq.2)

The shoreline change envelope (SCE) is the greatest distance among all the shorelines for a given transect. The value for SCE is
always positive.

SCE otative 10 baseline = (farthest shorelinegisanc. — nearest shoreline jisunce) (Eq 3)

The endpoint rate (EPR) is calculated by dividing the distance between the oldest and the youngest shorelines into a particular time
interval.
(net shoreline movement gisunce )

EPR= Eq 4
(time between oldest and young shoreline) (Eq 4)

The linear regression rate (LRR) can be determined by fitting a least-squares regression line to all shoreline points for a transect
(Fig. 3). This method calculates the best-fitting line for all observed data. The deviations were first squared, and then summed. There
are no cancellations between positive and negative values. The explanatory variable (x) is the shoreline date in years, and the
dependent variable (y) is the distance from baseline in meters. Therefore, the linear regression rate is the slope of the line (Himmelstoss
et al., 2018). (See Fig. 3 for identifying how to plot a linear regression line using intersects of transect ID 29825).

(6y = ¢)

LRR =
ox

(Eq 5)

3. Results and discussion

3.1. Shoreline change rates

The net shoreline movement, shoreline change envelope, endpoint rate, and linear regression rate values in major geographical
zones of A, B and C are shown in Tables 1-3, respectively. These results indicate coastal erosional and accretion for each subset during
the last 18 years. The selected visualization results of endpoint rate in major geographical zones of A, B and C are shown in Figs. 4-6,
respectively. In this study, endpoint rates were classified into three classes based on the annual variations, such as erosion (>-2.5 m/
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year), minor seasonal changes (—2.5 m/year to +2.5 m/year), accretion (>+2.5 m/year) (See Appendix 3 for the accuracy assess-
ment). The maximum erosions in major geographical zones of A, B, and C are recorded in subsets of Al (endpoint rate = —59.71 m/
year), B20 (endpoint rate = —12.67 m/year), and C1 (endpoint rate = —20.90 m/year), respectively (Tables 1-3). In contrast,
maximum accretion in major geographical zones of A, B, and C are recorded in subsets of A3 (endpoint rate = +36.92 m/year), B27
(endpoint rate = +31.17 m/year), and C5 (endpoint rate = +31.30 m/year), respectively (Tables 1-3).

The values of endpoint rate, linear regression rate, shoreline change envelope, and net shoreline movement were also plotted with
the transects for identifying erosional or accretion anomalies (Figs. 7-9). Besides, selected QuickBird satellite images from Google
Earth show such erosional or accretion anomalies of the study area (Fig. 10). The net shoreline movement values in Fig. 10 were also
classified into three classes, such as erosion (>-2.5 m), minor coastal changes (—2.5 m to +2.5 m), and accretion (>+2.5 m).

3.2. Observations

3.2.1. Study zone A

Study zone A consists of Karainagar Island and the Jaffna Peninsula. Karainagar Island and Ponnali Khadu urban areas are affected
by remarkable shoreline changes since 2000 (Fig. 4b). For example, the west part of Karainagar Island shows massive coastal erosion
(Figs. 4b and 7a), which may be due to prominent longshore currents in a shallow marine continental shelf (Ratnayake, 2016). In
addition, the Kovalam and Casuarina beaches are accreted by eroded sediment probably from Karainagar Island (Figs. 4a and 7b).
Consequently, temporal coastal erosion suggests counterclockwise sediment transportation in Karainagar Island and the Jaffna
Peninsula. In contrast, both accretion (around Valalai and Palaly areas in Fig. 4c and Palmyra Point beach, Point Pedro areas in Fig. 4d)
and erosion (Moorkam beach in Fig. 4d) are visible in study zone A. In general, this study zone can be recognized as an area for sand

Table 1
Statistics of net shoreline movement (NSM), shoreline change envelope (SCE), endpoint rate (EPR), and linear regression rate (LRR) in A zone, based on a digital
shoreline analysis system.

Subset Max/Min NSM (m) EPR (m/year) LRR (m/year) SCE (m)
Erosion Accretion Erosion Accretion Erosion Accretion
A01 Max —1058 88.85 -59.71 4.82 —31.88 5.53 1244.34
Min —0.01 0.01 —0.01 0.01 —-0.01 0.01 8.94
A02 Max —50.36 110.35 —2.73 5.98 -1.72 6.71 208.99
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 0.37
A03 Max —464.14 552.22 —26.20 36.92 —-11.00 29.44 553.27
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 19.81
A04 Max —30.61 365.05 -1.72 20.06 —5.68 6.11 796.39
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 16.62
A05 Max —30.61 31.88 -1.72 1.71 —0.80 3.58 410.24
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 18.48
A06 Max -30.74 29.50 -1.73 1.68 —0.82 2.06 241.09
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 0.83
A07 Max —81.93 176.91 —4.61 11.35 —5.39 10.23 177.08
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 0.06
A08 Max -199.17 89.51 -10.79 5.04 —4.41 4.25 232.41
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 5.85
A09 Max —30.31 95.77 —1.69 5.34 —5.67 7.80 366.95
Min —0.01 0.01 —0.01 0.01 —-0.01 0.01 5.64
Al0 Max —30.70 60.93 -1.73 3.27 —0.99 2.49 140.05
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 5.30
All Max —58.9 63.12 -3.28 3.39 —2.68 2.23 130.27
Min —0.01 0.01 —-0.01 0.01 —-0.01 0.01 5.41
Al12 Max —58.9 32.98 —3.28 1.77 —2.78 1.41 304.92
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 18.36
A13 Max —33.09 53.00 -1.87 2.84 -1.13 1.84 242.07
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 18.07
Al4 Max —0.62 34.43 —0.03 1.87 —0.36 1.03 67.18
Min —0.01 0.02 —-0.01 0.01 —-0.01 0.01 17.82
Al5 Max —0.6 44.45 —0.03 2.38 —0.74 0.57 64.96
Min —0.04 0.02 —0.01 0.01 —0.01 0.01 17.99
Al6 Max —0.62 44.27 —0.03 2.38 —0.67 0.54 130.13
Min —0.03 0.04 —0.01 0.01 —-0.01 0.01 18.30
A17 Max —0.59 43.73 —0.03 2.35 —0.54 0.58 73.68
Min —0.01 0.05 —0.01 0.01 —0.01 0.01 18.4
A18 Max —0.61 43.61 —0.03 2.34 —-1.08 0.46 70.24
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 18.62
A19 Max -33.15 406.67 -1.78 21.82 —7.44 5.69 502.39
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 18.11
A20 Max —0.55 406.67 —0.03 21.82 -1.11 5.69 424.76
Min —0.04 0.13 —0.01 0.01 —0.01 0.01 18.26
A21 Max —22.59 103.34 -1.21 5.54 -1.11 1.08 157.88
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 18.25
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Table 2
Statistics of net shoreline movement (NSM), shoreline change envelope (SCE), endpoint rate (EPR), and linear regression rate (LRR) in B zone, based on a digital
shoreline analysis system.

Subset Max/Min NSM (m) EPR (m/y) LRR (m/y) SCE (m)
Erosion Accretion Erosion Accretion Erosion Accretion
BO1 Max —24.98 34.94 -1.34 1.87 —0.55 1.22 70.06
Min —0.03 0.05 —-0.01 0.01 —0.01 0.01 17.88
B02 Max —61.29 108.25 -3.29 5.81 —4.90 5.78 484.39
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 18.39
B0O3 Max -61.29 60.67 -3.29 3.25 -3.13 2.00 103.36
Min —0.01 0.01 —-0.01 0.01 —0.01 0.01 19.62
B04 Max —31.88 32.91 -1.73 1.79 -1.30 1.07 90.32
Min —0.01 0.01 —-0.01 0.01 —0.01 0.01 5.81
BO5 Max —0.62 34.43 —0.03 1.87 —0.36 1.03 67.18
Min —0.01 0.02 —0.01 0.01 —0.01 0.01 17.82
B06 Max —73.73 130.43 —4.00 7.08 —2.04 1.15 457.94
Min —0.01 0.01 —-0.01 0.01 —0.01 0.01 19.67
BO7 Max —63.07 46.8 —3.42 2.54 —1.68 0.70 75.14
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 9.50
BO8 Max —105.32 214.02 -5.76 11.48 —3.88 2.70 599.09
Min —0.01 0.01 —-0.01 0.01 —0.01 0.01 18.96
B09 Max —43.74 188.39 —2.35 10.11 —2.08 8.85 518.08
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 19.37
B10 Max —23.45 188.39 -1.26 10.11 —2.08 8.85 518.08
Min —0.02 0.01 —0.01 0.01 —0.01 0.01 18.66
B11 Max —35.29 60.79 -1.89 3.26 -1.70 2.19 301.75
Min —0.01 0.01 —-0.01 0.01 —0.01 0.01 5.73
B12 Max —24.03 100.54 -1.29 5.39 -1.18 3.27 675.63
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 17.98
B13 Max —218.74 375.56 -11.74 20.15 -9.35 11.85 398.06
Min —0.01 0.01 —-0.01 0.01 —0.01 0.01 18.12
B14 Max —25.57 47.11 -1.37 2.53 -1.12 1.62 231.38
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 18.83
B15 Max —96.94 135.19 —5.20 7.25 —3.45 3.05 272.86
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 0.62
B16 Max —100.92 555.74 —-5.41 29.82 —-2.28 19.10 598.45
Min —0.01 0.01 —-0.01 0.01 —0.01 0.01 0.56
B17 Max —76.99 152.99 —4.13 8.21 —1.46 5.34 298.73
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 0.56
B18 Max —34.68 63.71 -1.86 3.42 —1.88 1.62 122.78
Min —0.01 0.01 —-0.01 0.01 —0.01 0.01 20.66
B19 Max —64.09 306.43 —3.50 16.44 -9.71 10.76 773.10
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 0.62
B20 Max —236.21 191.66 -12.67 10.41 —18.94 11.95 387.60
Min —0.08 0.02 —0.01 0.01 —0.01 0.05 6.78
B21 Max —63.13 68.30 —3.43 3.66 —3.37 5.86 223.75
Min —0.01 0.01 —-0.01 0.01 —0.01 0.01 5.47
B22 Max —65.24 121.28 —3.50 6.51 —2.97 4.73 384.10
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 18.33
B23 Max —62.78 48.81 -3.37 2.62 —2.36 1.66 140.97
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 21.73
B24 Max —44.67 216.12 —2.41 11.82 -1.71 2.50 377.54
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 11.31
B25 Max —44.87 202.28 —2.42 10.93 -1.71 1.88 377.54
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 22.52
B26 Max —48.66 331.22 —2.64 17.77 —-2.71 5.68 423.22
Min —0.01 0.01 —-0.01 0.01 —0.01 0.01 19.02
B27 Max —50.95 580.88 —2.73 31.17 —3.46 8.67 697.44
Min —0.01 0.02 —0.01 0.01 —0.01 0.01 30.66
B28 Max —23.69 46.46 -1.27 2.49 —0.43 1.05 225.46
Min —0.01 0.04 —-0.01 0.01 —0.01 0.01 19.52
B29 Max —87.00 101.84 —4.67 5.46 —6.48 2.31 207.39
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 17.99

accretion. Furthermore, visualization maps (Figs. 4a and 7b) and a digital shoreline analysis system (Table 1) suggest that nearshore
sediments transport mainly from a subset of A21 to A3 (i.e. counterclockwise movement).

3.2.2. Study zone B
Study zone B (Fig. 5) covered several lagoons (e.g. Kokkilai, Sinnakarachchi, Ullackalie, Uppar) and bays (e.g. Dutch, Manayaweli,
Koddiyar, Trincomalee). Most of the bay and lagoons in zone B were affected by accretion, but few locations such as Kokkilai Barmouth
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Table 3
Statistics of net shoreline movement (NSM), shoreline change envelope (SCE), endpoint rate (EPR), and linear regression rate (LRR) in C zone, based on a digital
shoreline analysis system.

Subset Max/Min NSM (m) EPR (m/y) LRR (m/y) SCE (m)
Erosion Accretion Erosion Accretion Erosion Accretion
co1 Max —384.1 328.86 -20.9 17.9 —45.38 23.35 1063.48
Min —0.01 0.02 —0.01 0.01 —0.01 0.01 6.04
C02 Max —92.43 65.31 —5.03 3.55 —2.67 2.06 149.57
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 5.58
Cco3 Max —23.4 84.03 -1.27 4.57 —0.84 3.52 90.90
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 17.77
Cco4 Max —172.01 135.82 —9.36 7.39 —7.93 6.15 242.51
Min —0.02 0.05 —0.01 0.01 —0.01 0.01 18.02
Co5 Max —53.96 575.2 —2.94 31.30 —6.27 9.66 814.89
Min —0.06 0.02 —0.01 0.01 —0.02 0.02 21.04
Co06 Max —23.40 34.35 -1.27 1.87 —1.44 1.56 90.75
Min —0.01 0.01 —-0.01 0.01 —-0.01 0.01 18.23
Cco7 Max —24.79 33.55 —1.35 1.83 —0.65 1.97 109.58
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 18.58
Cco8 Max —30.85 60.57 -1.68 3.30 -1.09 2.56 88.83
Min —0.02 0.02 —0.01 0.01 —0.01 0.01 19.88
co9 Max —59.23 50.69 —-3.22 2.76 -1.39 2.05 91.99
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 21.73
Cc10 Max -51.17 60.83 -2.78 3.31 -1.95 3.14 542.24
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 15.96
C11 Max —66.69 102.71 -3.63 5.59 —-1.83 3.80 215.11
Min —0.01 0.01 —-0.01 0.01 —-0.01 0.01 21.57
C12 Max —120.65 60.91 —6.57 3.31 —6.18 1.56 391.17
Min —0.03 0.01 —0.01 0.01 —0.01 0.01 22.12
C13 Max —-330.74 364.97 —18.00 19.86 —-14.15 24.80 517.31
Min —0.04 0.64 —0.01 0.03 —0.04 0.04 31.13
C14 Max -0.7 364.97 —0.04 19.86 —4.13 24.80 517.31
Min —0.02 0.01 —0.01 0.01 —0.04 0.29 30.56
C15 Max —0.67 31.07 —0.04 1.69 —1.04 2.56 299.52
Min —0.01 0.01 —0.01 0.01 —0.01 0.02 22.22
C16 Max —-91.73 31.28 —4.99 1.70 —-2.78 1.17 293.73
Min —0.02 0.01 —0.01 0.01 —-0.01 0.01 23.54
Cc17 Max —65.28 34.22 —3.55 1.86 -1.71 1.01 156.47
Min —0.04 0.01 —0.01 0.01 —0.01 0.01 17.76
C18 Max —65.6 32.12 -3.57 1.75 —-2.20 1.28 165.76
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 21.61
Cc19 Max —60.52 73.00 —3.30 3.98 —1.68 0.93 178.71
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 18.53
C20 Max —60.35 58.99 -3.29 3.22 —3.05 1.87 465.20
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 5.80
C21 Max —60.51 61.91 —3.30 3.38 —6.82 1.47 580.75
Min —0.01 0.01 —0.01 0.01 —-0.01 0.01 18.71
C22 Max —50.03 31.26 —2.73 1.71 —1.96 0.95 151.13
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 19.39
c23 Max —54.33 48.02 —2.96 2.59 -2.23 0.91 183.61
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 19.44
C24 Max —61.00 90.05 —3.30 4.87 —1.06 4.15 228.47
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 6.49
C25 Max —87.42 192.53 —4.72 10.48 —-0.86 6.67 584.64
Min —0.01 0.01 —0.01 0.01 —0.02 0.01 19.14
C26 Max -33.5 48.94 —-1.86 2.65 —-1.28 0.81 132.29
Min —0.01 0.01 —-0.01 0.01 —-0.01 0.01 18.33
c27 Max —71.95 48.49 —4.01 2.63 —0.93 1.60 175.99
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 18.03
Cc28 Max —90.35 51.41 —5.04 2.78 -1.96 1.24 257.36
Min —0.01 0.01 —0.01 0.01 —-0.01 0.01 5.95
Cc29 Max —67.65 30.38 —3.66 1.65 -1.70 1.02 211.39
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 17.90
C30 Max —70.82 29.71 —3.95 1.66 -1.09 1.17 209.89
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 5.65
C31 Max —91.66 39.18 —4.96 2.27 —1.81 1.44 143.57
Min —0.01 0.01 —0.01 0.01 —-0.01 0.01 7.06
C32 Max —91.96 24.05 —5.13 1.33 —2.17 1.10 119.96
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 7.06
C33 Max —274.42 40.53 —14.86 2.20 -10.1 3.79 312.87
Min —0.01 0.01 —0.01 0.01 —0.01 0.01 8.57
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Fig. 4. Visualization results of endpoint rate (EPR) in (a) A2, (b) A3, (c), A8, and (d) A12 subsets.

and Koddiyar Bay were affected by coastal erosion (Fig. 5b, d, and 11d). Similarly, the coastal areas between Karaiyamullivaikkal
beach and Nanthi Kadal Lagoon (Fig. 5a), Rathugala (Red Rock) (Fig. 5¢), Sinnakarachchi Lagoon outlet (Fig. 5¢), Nawarathnapuram
(Fig. 5e), Foul Point lighthouse (Fig. 5e), Verugal (Fig. 11), Vaharai and Sallathive (Fig. 5f) areas have been subjected to accretion,
whereas the Mullaitivu, Kokkilai black sand beach and Mutur beach have been subjected to erosion (Figs. 5, 8 and 11). In this case,
most of the areas in study zone B indicate coastal accretion. Besides, nearshore sediments can probably transport from south to north
(counterclockwise movement), according to visualization maps (Figs. 5 and 8) and a digital shoreline analysis system (Table 2).
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Fig. 5.

3.2.3. Study zone C
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Visualization results of EPR in (a) B2, (b) B7, (c) B12, (d) B19, (e) B21, and (f) B27 subsets.

Thennadi Bay was affected by coastal erosion, whereas Vandalous Bay was affected by sand accretion (Fig. 6a). It suggests that
sediments are predominantly transported from south to north (counterclockwise movement). The Punnakkuda beach (Fig. 6b), and
Batticaloa (Figs. 6¢ and 9a) areas are exposed to coastal accretion. Maruthamunai (Fig. 6e), Thirukkovil (Figs. 6f and 11b), Whisky and
Pottuvil (Fig. 6g) beaches are subject to coastal erosion. These observations also suggest sand movement from bottom to top parts in
study zone C. However, site-specific observations can also be observed. For example, the estuary of Kumbukkan Oya is subjected to
coastal accretion (Fig. 6h), due to a large flux of sediments. In general, visualization maps (Figs. 6 and 9) and a digital shoreline
analysis system (Table 3) suggest coastal erosion in the lower part and accretion in the upper part of study zone C.
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Fig. 6. Visualization results of EPR in (a) C1, (b) C4, (c) C5, (d) C11, (e) C13, (f) C16, (g) C19, and (h) C25 subsets.
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Fig. 7. Digital shoreline analysis system (DSAS) statistical graphs in (a) Al, and (b) A2 subsets.

3.3. Interpretation of dynamic changes

Monitoring and quantifying the rate and distance difference of shoreline changes on the east coast of Sri Lanka are valuable for
coastal resources management and conservation. Popular space-borne technologies such as the Landsat program offer powerful multi-
temporal satellite data for the exploration of coastal environments and geomorphological changes using the geographic information
system (Thomas et al., 2020; Arjasakusuma et al., 2021; Quang et al., 2021). In this study, the model builder in ArcMap is used green
band and mid-infrared band data. The mid-infrared band has the largest difference in reflectance values between water and non-water
bodies. Therefore, the mid-infrared band exhibits the highest contrast between water and non-water bodies (Malahlela, 2016; Yan
etal., 2020). The modified normalized difference water index (MNDWI) algorithm combined with the model can separate land features
from oceanic water (Acharya et al., 2016). In addition, we quantified the dynamic changes along the east coast of Sri Lanka using a
digital shoreline analysis system (i.e. statistical software combined with ArcMap). Consequently, the digital shoreline analysis system
provides qualitative and quantitative results for understanding the coastal sediment budget along this coast.

4. Short-term drivers

Since our study is limited to 18 years, the landform changing factors can be categorized as short-term drives. We discussed here
several drives that can trigger landform changes along the east coast of Sri Lanka. The tsunami waves on December 26, 2004 impacted
the entire eastern coastline of Sri Lanka. The highest amplitude of tsunami waves was calculated close to the shoreline along the east
coast, and it ranged from 2.2 to 11.4 m, with a mean value of 5.7 m. The measured tsunami inundation distance varied from 70 to 4560
m (Wijetunge, 2009). Therefore, the tsunami event in 2004 can be identified as one of the major drivers of short-term landform
changes along the east coast of Sri Lanka. Fig. 10a shows that the coastal landforms along the east coast have remarkably altered after
the tsunami disaster in 2004. For example, the tsunami waves insight on variations of sediment load due to erosion or deposition (e.g.
coastal water bodies filled with debris) processes (Wijeratne, 2016; Satyanarayana et al., 2017).

The Disaster Management Center of Sri Lanka and the United Nations Development Program (UNDP) recorded twenty-two tropical
cyclones which impacted Sri Lanka during 1881-2001 (Srisangeerthanan et al., 2015). Besides, seventeen cyclones such as Ward,
Nisha, Nilam, Viyaru, Madi, Nada and Roanu had impacted the east coast of Sri Lanka from 2000 to 2018 (Srisangeerthanan et al.,

12
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Fig. 8. DSAS statistical graphs in (a) B2, (b) B12, (¢) B19, and (d) B23 subsets.

2015; Uddin et al., 2019). For example, Kyant and Nada cyclones occurred on 21-28 October and 29 November—2 December in 2016,
respectively (Xu et al., 2020). Satellite images show that the Batticaloa Barmouth area is subjected to significant landform changes (i.e.
accretion) during the inter-monsoon period (Fig. 10b). The east coast of Sri Lanka is experienced high-energy oceanic waves during the
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Fig. 9. DSAS statistical graphs in (a) C5, and (b) C13 subsets.

northeast monsoon (from December to February), whereas low-energy waves are observed during inter-monsoon periods of March to
April and October to November (Amalan et al., 2018). Consequently, the cyclones created random oceanic currents and destructive
oceanic waves. These cyclones can be identified as possible drivers for short-term landform changes along the east coast of Sri Lanka.
Similarly, Satyanarayana et al. (2017) also identified that these types of destructive oceanic waves altered coastal geomorphology
along the east coast of Sri Lanka.

Most construction firms are limited by the political and social instability of the study area. However, rapid industrialization and
urbanization had witnessed a great rise since the end of the civil war in 2009. For example, coastal engineering projects such as
harbors, and coastal infrastructures (e.g. groins and breakwaters) have been constructed along the east coast of Sri Lanka. Groins and
breakwaters change longshore and cross-shore current patterns, respectively (Ratnayake et al., 2018; Senevirathna et al., 2018). For
example, satellite images show that Oluvil Harbor altered the counterclockwise longshore sediment transportation (Fig. 6e and 10c). In
this case, the southern part of the harbor and Palamunai beach are subjected to sediment accretion and the northern part of the harbor
is subjected to severe coastal erosion due to an imbalance of nearshore sediment dynamics (Figs. 6e, 10c and 11c). Therefore, man-
made activities can also be identified as a possible driver to control the short-term sediment budgets along the east coast of Sri Lanka.

Several studies have been investigated past sea-level changes (e.g. middle Holocene sea-level highstands) along the south and
southwest coasts of Sri Lanka (Ratnayake et al., 2017; Mann et al., 2019; Yokoyama et al., 2019). The continental shelf of the south and
southwest coasts is narrow and has the steepest continental slope in the world (de Vos et al., 2014), and the south and southwest coasts
are thus vulnerable to climate-induced sea-level rising. However, the continental shelf of the east coast is wide and merges with the
platform of India in its northern part (Ratnayake, 2016). According to Palamakumbure et al. (2020), the sea-level has increased at a
rate of 0.288 + 0.118 in Sri Lanka. Consequently, these factors suggest that climate-induced sea-level changes have less influence on
rapid (from 2000 to 2018) and detectable landform changes on the east coast of Sri Lanka, using remote sensing and GIS techniques.
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Fig. 11. Field photographs at (a) Verugal, (b) Thirukkovil, (c) Palamunai, and (d) Kokkilai black sand beaches along the east coast of Sri Lanka.

5. Conclusions

The shoreline analysis system gained meaningful information about shoreline changes on the eastern coast of Sri Lanka (See ap-
pendix 4 video). The short-term shoreline changes (i.e. either accretion or erosion) occur due to both natural and anthropogenic
processes. However, climate-induced sea-level rising can be identified as a centurial to millennium scale driver for landform changes
along this coast. In general, the upper part of the east coast is exposed to coastal accretion, and the lower part of the east coast is
exposed to coastal erosion. Nevertheless, the coastal accretion or erosion along the east coast of Sri Lanka is site-specific. In addition,
the rapid shoreline changes can be identified due to anthropogenic activities such as sand mining and coastal engineering projects (e.g.
Oluvil harbor). The outcome of this study can be applied to sustainable coastal zone management, and to design the proper coastal
engineering structures along the east coast of Sri Lanka.
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