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Abstract: Coastal landforms are continuously shaped by natural and human-induced forces, exacer-
bating the associated coastal hazards and risks. Changes in the shoreline are a critical concern for
sustainable coastal zone management. However, a limited amount of research has been carried out
on the coastal belt of Sri Lanka. Thus, this study investigates the spatiotemporal evolution of the
shoreline dynamics on the Oluvil coastline in the Ampara district in Sri Lanka for a two-decade period
from 1991 to 2021, where the economically significant Oluvil Harbor exists by utilizing remote sensing
and geographic information system (GIS) techniques. Shorelines for each year were delineated using
Landsat 5 Thematic Mapper (TM), Landsat 7 Enhanced Thematic Mapper Plus (ETM+), and Landsat
8 Operational Land Imager images. The Normalized Difference Water Index (NDWI) was applied
as a spectral value index approach to differentiate land masses from water bodies. Subsequently,
the Digital Shoreline Analysis System (DSAS) tool was used to assess shoreline changes, including
Shoreline Change Envelope (SCE), Net Shoreline Movement (NSM), End Point Rate (EPR), and Linear
Regression Rate (LRR). The results reveal that the Oluvil coast has undergone both accretion and
erosion over the years, primarily due to harbor construction. The highest SCE values were calculated
within the Oluvil harbor region, reaching 523.8 m. The highest NSM ranges were recorded as —317.1
to —81.3 m in the Oluvil area and 156.3-317.5 m in the harbor and its closest point in the southern
direction. The maximum rate of EPR was observed to range from 3 m/year to 10.7 m/year towards
the south of the harbor, and from —10.7 m/year to —3.0 m/year towards the north of the harbor.
The results of the LRR analysis revealed that the rates of erosion anomaly range from —3 m/year
to —10 m/year towards the north of the harbor, while the beach advances at a rate of 3 m/year to
14.3 m/year towards the south of the harbor. The study area has undergone erosion of 40 ha and
accretion of 84.44 ha. These findings can serve as valuable input data for sustainable coastal zone
management along the Oluvil coast in Sri Lanka, safeguarding the coastal habitats by mitigating
further anthropogenic vulnerabilities.

Keywords: digital shoreline analysis system (DSAS); Landsat; net shoreline movement (NSM);
normalized difference water index (NDWI); Oluvil harbor; shoreline change envelope (SCE)

Sustainability 2023, 15, 7651. https:/ /doi.org/10.3390/su15097651

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15097651
https://doi.org/10.3390/su15097651
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-7052-1942
https://orcid.org/0000-0002-3852-4374
https://orcid.org/0000-0001-7758-8365
https://orcid.org/0000-0003-1217-481X
https://orcid.org/0000-0002-7341-9078
https://doi.org/10.3390/su15097651
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15097651?type=check_update&version=1

Sustainability 2023, 15, 7651

2 of 21

1. Introduction

Coastal environments are found in the dynamic interface between the Earth’s three
main natural systems of land, sea, and atmosphere. These areas are characterized by
their dynamic nature, as they are constantly influenced by the interaction of these three
systems [1]. Despite covering only a small fraction (<15%) of the total land area of the
earth, coastlines are among the most densely populated areas globally, home to 60% of
the people in the world [2,3], with many coastal cities and towns relying on the ocean for
their livelihoods [4]. However, over the last three decades, the magnitude and frequency
of natural processes, for instance, sea level rise and storms, have increased as a result of
climate change, while at the same time, the pressures of industrial activities, urbanization,
and tourism have put a strain on coastal areas [5,6]. For instance, according to a study
conducted by Palamakumbure et al. [7] on the southern and southwestern coasts of Sri
Lanka, the sea level has been increasing at a rate of 0.288 £ 0.118 mm per month. It is
predicted that in the next 50 years, the sea level will rise by approximately 0.1 m to 0.2 m,
resulting in an inundation of less than 1.8 m from the current sea level towards the inland.
Additionally, the study has suggested that in the next 200 years, the sea level is expected
to rise by about 0.7 m, resulting in an inundation of 3.5 m to 15.0 m from the current sea
level towards the inland. The process of shoreline change is a common issue that arises in
coastal environments. Shorelines demarcate the transition zone between land and sea and
are home to diverse habitats such as sandy beaches, rocky cliffs, tidal flats, and estuaries [8].
These habitats provide crucial ecosystem services such as erosion control, nutrient cycling,
and habitat for fish and wildlife [9]. Hence, the study of shoreline changes is a crucial
aspect of the management and sustainability of coastal zones.

The shoreline changes occur primarily due to coastal erosion, which is caused by a
variety of factors that can be broadly categorized into two types: erosion due to natural
causes and erosion due to human interventions. The coastal belt of southeastern Sri Lanka
is confined to a slender land strip measuring approximately 1.5 km in width. The beach is
frequently plagued by natural disasters such as monsoons, tropical storms, surges, depres-
sions, flash floods, and tsunamis. For example, Lanka et al. [10] reported that the Batticaloa
cyclone of 1978, considered one of the most disastrous cyclones to have hit Sri Lanka,
resulted in widespread destruction in the study area as a result of the heavy rain and storm
surges it caused. The Oluvil region was severely impacted by the 2004 tsunami, which
was another catastrophic disaster to strike the area [11-13]. Additionally, the area is sus-
ceptible to storm surges resulting from frequent depressions within the Bay of Bengal [14].
The vulnerability of shorelines due to these kinds of various natural phenomena such as
storm-induced erosion, sea level rise, oceanic over-wash, longshore sediment transport,
and flooding has been extensively studied worldwide [15-18]. In addition to these factors,
shoreline erosion is sometimes exacerbated by human interventions such as modifications
and constructions along the shoreline. Based on Dean and Galvin [19], the increase in sea
level leads to a rate of long-term shoreline recession of 1 to 3 ft/year in most areas. Never-
theless, localized erosion rates of 10 to 20 ft/year can occur in the regions with high rates of
longshore transport, due to shoreline construction, which is significantly higher than the
average rate of 1 to 3 ft/year. Aladwani [20] reported that the extensive construction project
and associated infrastructure in Al-Khiran, Kuwait, which was extended to the sea, resulted
in a decrease in the rate of both accretion and erosion along the coast. Moreover, according
to Abualtayef et al. [21], the accretion rate at the Mediterranean coast of Gaza increased
drastically following the completion of a harbor construction. According to the figures from
the Coast Conservation and Coastal Resource Management Department (CCCRMD), Sri
Lanka, LKR 1.52 billion was spent on coastal erosion management from 1985 to 1999, and
this amount increased to LKR 3 billion from 2001 to 2007 under the auspicious ADB-funded
project on coastal resource management. Additionally, LKR 2 billion was expended for
sand replenishment and coastal protection in the western, southern, and northwestern
regions [22]. Hence, monitoring shoreline changes is crucial for both environmental and
socio-economic reasons, given the significant funds allocated for coastal conservation in
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recent decades. The measurement of shoreline changes has often been determined through
various techniques including field surveys, tracing of shorelines from topographic sheets,
and aerial photographs analyzed with different methods [23,24]. The shoreline’s temporal
variability, the accuracy of shoreline measurement, the number of data points, the non-
uniform time interval between shoreline measurements, the chosen analytical technique,
and the overall time period of shoreline data acquisition are all important considerations
when evaluating the reliability of these methods. For example, aerial photography pro-
vides highly detailed images of shorelines but only captures the shoreline’s position at the
moment of acquisition [25-27]. Airborne LiDAR (Light Detection and Ranging) is another
increasingly popular high-resolution satellite imagery method [28-32]; however, its spatial
coverage is limited to certain areas including Australia, Canada, USA, Japan, Scotland, and
New Zealand [28]. Other survey methods such as Synthetic Aperture Radar (SAR) and
WorldView 2 also have been used to determine shoreline positions in some research [33,34].
Despite their usefulness, the above survey methods can be particularly challenging and
resource intensive, especially when considering extensive study areas. This is due to the
unavailability of free data, time, and cost involved in conducting these surveys, as noted by
Aladwani. [20] and Maiti and Bhattacharya., [35]. In recent years, satellite imagery-based
remote sensing techniques have become a popular method for shoreline monitoring due
to their ability to cover large areas in a timely manner, being less resource-intensive, and
being more efficient [36-40]. In addition, the easy and free accessibility of satellite imagery
has led to the widespread adoption of remote sensing and GIS techniques for assessing
and monitoring shoreline positions [41]. Landsat satellite images, for example, provide an
excellent source of information on shoreline changes, offering synoptic and repeatable data
over large spatial and temporal scales [42]. They are available through a series of sensors
including the Thematic Mapper (TM), Multispectral Scanner System (MSS), Enhanced
Thematic Mapper Plus (ETM+), and Operational Land Imager (OLI). Despite the free
accessible ample image collection that allows for the development of long-term analyses
lasting between 10 and 30 years, the primary limitation of the Landsat project is its spatial
resolution of 30 m [43,44]. The TM, ETM+, and OLI sensors currently provide medium
spatial resolution (30 m) with 8 days of combined repetitive coverage. The TM, ETM+, and
OLI sensors offer a medium spatial resolution of 30 m and combined repetitive coverage
of 8 days [45-47]. The integration of Landsat images with GIS techniques and shoreline
analysis tools such as the Digital Shoreline Analysis System (DSAS) has been broadly
used to analyze and monitor shoreline changes in many parts of the world including the
Mediterranean coast [45], the Gulf of Mannar [48], and the Eastern Coast of Algeria [49].
This tool provides an automated method for the calculation of rate-of-change statistics and
allows for the assessment of their robustness [35,50].

A variety of shoreline indicators have been documented in the scientific literature [32,51].
Examples include visually noticeable indicators such as the previous high-tide line or the
dry/wet boundary, as well as tidal datum-based indicators such as mean high water
(MHW) or mean sea level and indicators derived from the approach taken for shoreline
extraction using image analysis. Therefore, defining the shoreline can present a challenge,
given the range of indicators cited in the literature, specifically in macro-tidal coasts. In
micro-tidal zones, the water /land line is typically used as the shoreline indicator, while
the dry/wet sand line is often employed in macro-tidal areas [43]. Hence, for the present
study, we have chosen to use the water/land line as the shoreline indicator, given that the
Sri Lankan coast exhibits micro-tidal ranges.

Over the past few decades, various image processing techniques have been developed
for extracting water features from satellite data. These include high water-line (HWL) visual
interpretation [52-54], edge detection [55] (Liu and Jezek, 2004), water indexes [37,39],
segmentation and single-band threshold [38,56], multi-band methods combining different
reflective bands [57], and segmentation based on local spectral histogram and level set
method [58]. Some of these techniques involve manual detection, while others allow for
automatic image processing. The latter is particularly important for long-term studies, as
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it reduces human errors and improves standardization and efficiency [55,59]. The main
reason for this is that the manual delineation of the shoreline by remote sensing imagery is
often subjective. Therefore, manual derivation of shorelines over a prolonged period can
be challenging, and most of the literature implies that the accuracy of the map is directly
related to the user’s experience [38,44,55]. Therefore, numerous algorithms have been
developed worldwide for detecting and separating waterlines in remote sensing imagery.
These algorithms leverage various indices such as the Automated Water Extraction Index
(AWEI), Normalized Difference Water Index (NDWI), Modified Normalized Difference
Water Index (MNDWI), and Normalized Difference Vegetation Index (NDVI) [47,60,61].
Sri Lanka is an island nation located in the southwest of the Bay of Bengal in the Indian
Ocean at the southern tip of India. The country has a diverse coastline that spans approxi-
mately 1700 km and features various geomorphological formations including bays, lagoons,
and islets [62]. In recent years, numerous studies have been undertaken to evaluate the
extent and impact of coastal erosion along Sri Lanka’s southern and western coasts [63—65].
However, less attention has been paid to understanding the coastal transformations along
the island’s eastern coast. The eastern coastal belt of Sri Lanka is home to numerous
critical features including harbors such as Oluvil, Trincomalee, and Hambantota as well
as urbanized areas and tourist destinations such as Nilaveli, Pasikuda, and Arugambay,
important conservation sites such as Yala and Kumana national parks, and high-quality
mineral reserves such as Pulmoddai, Verugal, and Kokkilai [66]. As a result, this area holds
immense significance both environmentally and in terms of development for the country.
Furthermore, after the end of the civil war in 2009, the east coast of Sri Lanka experienced
rapid urbanization and the implementation of various development projects such as Oluvil
harbor. The Oluvil region in the Ampara district of Sri Lanka has been experiencing sig-
nificant erosion in the coastline over the past several years [67]. The construction of the
Oluvil harbor is widely believed to be the reason for this erosion by the local community.
Many people question the construction of this harbor due to the issues that they are facing
now. The harbor may not be efficient, at least in the context of environmental aspects. It
could be due to a combination of administrative errors, business pressures, engineering
incompetence, and political pressure in the construction of the harbor. There have been
several studies in various parts of the world on the impact of harbor construction on the
coastal zone, and their findings have also shown that harbor construction can cause signifi-
cant changes in the shoreline position and shape [21,68,69]. Even though there are many
studies available on east coastline variation, to the authors” knowledge, no study has been
completed that investigates the Oluvil coastline variation in Sri Lanka over 20 years with
an adequate amount of data. Given the importance, this study aims to focus on the changes
in a 9 km stretch of the coastal belt near the Oluvil harbor. It is essential to examine the rate
of change of shorelines before commencing and after completing the construction of the
harbor to accurately evaluate its impact. Calculating shoreline changes in the Oluvil coastal
belt is essential; hence, this study has three key objectives: (1) to identify the most impacted
coastal stretches by calculating the shoreline change (eroded and accreted areas); (2) to
compare the rate of shoreline change before and after the completion of giant development
projects such as the Oluvil harbor; (3) to calculate the amount of shoreline degradation or
progradation that has occurred in the study region over the course of the study period.

2. Study Area

Sri Lanka is located in the Indian Ocean south of India. The island has a densely popu-
lated coastline of approximately 1680 km including 82 lagoons, and is home to 14.6 million
people. Among these, the eastern coastline is rapidly developing, populous, and one of
the busiest regions in the country [70]. Oluvil Harbor is the first major port infrastructure
developed on the eastern coastline of Sri Lanka. The study area of Oluvil harbor is located
facing the Bay of Bengal, with an eastern latitude of 81°51’55” and northern longitude of
7°16'34" (Refer to Figure 1). The coastline stretches for approximately 16 km, spanning from
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Nintavur in the north to Addalaichenai in the south, with interruptions by the Kaliodai
and Periyappalam rivers (Refer to Figure 1).
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Figure 1. Location map of the study area—Oluvil Harbor, Sri Lanka.

The Oluvil beach is configured with gentle fine sand. Bays, headlands, long straight
sandy beaches, and deltas comprise the primary landforms that characterize the geomor-
phology of the east coast. Generally, the tidal range around a coast has been classified as
micro-tidal—when the tidal range is lower than 2 m; meso-tidal—when the tidal range is
between 2—4 m; and macro-tidal—when the tidal range is higher than 4 m [71] (Short, 1991).
The tide around Sri Lanka is mixed semidiurnally with a spring tidal range of between 0.40
and 0.60 m showing a micro-tidal range. Hence, variability of the tidal range on the Sri
Lankan coast is comparably lower but slightly higher on the east and west coasts (0.44 m)
than in other regions of the country [72]. Therefore, according to Frigaard and Margheri-
tini [73] and Nijamir et al. [67], tidal fluctuation has a lower impact on the coast in the study
area and causes slight seasonal modifications in the shorelines. The seasonal range of sea
level around the coast of Sri Lanka is 20 cm to 30 cm, and it has been reported that the wave
heights range from 0.5 m to 2.0 m on the coast of the study area [73,74]. The dynamics of
the monsoonal wind cause coastal morphological changes. The coastal area of Sri Lanka re-
ceives two monsoons: southwest (SWM) from December to February and northeast (NEM)
from May to September. The maximum water level is observed in December-January, while
the minimum sea water level is observed in August-September, due to the influence of
monsoonal winds. During these periods, erosion increases on the coast due to the increas-
ing inundation for the maximum sea water level, while sedimentation occurs along the
study area for the minimum water level. Longshore sediment transport from south to north
is also triggered by waves from the southern direction, resulting in sedimentation in the
port entrance and anomalous erosion and accretion in the north and south, respectively [75].
Additionally, waves from northerly directions also create longshore sediment transport
from south to north, resulting in accretion in the port entrance and erosion in the southward
direction of the port. During the NEM, waves typically approach the shore from directions
between 110° and 130°, with an average significant wave height of 0.29 m in the swell,
while during the SEM, waves usually arrive from directions between 100° and 140°, with a
mean wave height of 0.28 m in the swell. Moreover, during the NEM, waves can also come



Sustainability 2023, 15, 7651 6 of 21

from directions between 30° and 100°, with an average wave height of 0.89 m in the sea;
similarly, during the SEM, waves may approach from directions between 110° and 150°,
with a mean wave height of 0.16 m in the sea [76,77]. There is currently a lack of reliable
data regarding the measured rates of sediment transport in Oluvil. However, a recent
numerical modeling study conducted at Oluvil harbor estimated that the net longshore
sediment rate is approximately 350,000 m3/per year [76].

3. Materials and Methodology
3.1. Data Acquisition

A time series of remote sensing images were employed to analyze shoreline changes
along the Oluvil coastline. The primary data source consisted of Landsat 5-Thematic Map-
per (TM), Landsat 7-Enhanced Thematic Mapper Plus (ETM+), and Landsat 8-Operational
Land Imager (OLI) images with a 30 m spatial resolution. These images were obtained
free of charge from the United States Geological Survey (USGS) Earth Explorer portal
(https:/ /earthexplorer.usgs.gov/) (accessed on 23 November 2022) and were selected
based on low or no cloud coverage. Due to the cloud coverage, and limited availability of
suitable images, 24 images captured between 1991 and 2021 were utilized in the present
study and the details of the employed Landsat image products are mentioned in Table 1.
To supplement our analysis, we also incorporated satellite images from Google Earth Pro
software for each period between 1991 and 2021, which enabled us to observe and compare
changes while delineating the shoreline. Lakmali et al. [64] reported that significant erosion
occurs along the southwestern coastline of Sri Lanka during the southwestern monsoon pe-
riod, but the areas mostly recover during the fair-weather northeastern monsoon conditions.
Therefore, severe long-term erosion conditions do not persist in the western, southwestern,
and northwestern coasts. However, some isolated locations along the northeastern and
eastern coastline experience considerable erosion. Therefore, to avoid the seasonal impact
on the results, the authors only considered satellite images taken during the southwestern
monsoon period on the image availability (Refer to Table 1).

Table 1. Details of the Landsat Image Data Used (Source—The United States Geological Survey, 2022,
https:/ /www.usgs.gov/ (accessed on 23 November 2022).

Image Source Bands Wavelength/(um) Resolution (m) Year Acquisition Date
1991 12 September 1991
1992 7 April 1992
1996 7 July 1996
1997 12 September 1997
21—(1;31ue 85‘825 2004 14 August 2004
Landsat 5 TM ~reen e 30 2005 17 August 2005
3—Red 0.63-0.69
4 NIR 0.76-0.90 2006 4 August 2006
- ST 2007 6 July 2007
2008 6 June 2008
2009 28 August 2009
2010 3 May 2010
1—Blue 0.45-0.52 2000 26 July 2000
2—Green 0.52-0.60 2001 26 May 2001
Landsat 7 ETM+ 3—Red 0.63-0.69 30 2002 18 September 2002
4—NIR 0.77-0.90 2003 19 July 2003
2013 24 September 2013
2014 23 June 2014
2015 26 June 2015
SZ_GBlue g'gg‘g'g; 2016 16 September 2016
Landsat 8 OLI ~oreen s 30 2017 8 February 2017
4—Red 0.64-0.67
NIR 0.85-0.88 2018 4 July 2018
5— B-0. 2019 9 September 2019
2020 26 August 2020

2021 28 July 2021
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3.2. Detection and Extraction of Shorelines

The present study follows a three-step procedure for identifying, delineating, and
extracting the coastline of Oluvil from satellite images, using a geographic information
system (GIS). The first step involved using the Normalized Difference Water Index (NDWI)
method [78] as the spectral enhancement technique for Land-Water Classification, which
is a commonly used algorithm providing good results. NDWI was calculated using
Equation (1), which required adjustment for every Landsat image used due to the dif-
ferent wave spectra in each image (refer to Equation (1)).

Green — NIR

NPWE= Green + NIR M
Here, NIR is the Near-Infrared wave band, and Green is the green band wave. The
NDWI values were assumed to be interpreted as follows: values greater than zero indi-
cated surfaces of water, while values lower than or equal to zero indicated non-water
surfaces [78]. Next, the NDWI images were reclassified into binary format, where the value
“1” represents water and “0” represents non-water surfaces. To extract the continuous
edges of the coastline, the binary reclassified NDWI image was converted from raster
to polygon/polyline, removing the edges of inland water bodies and retaining only the
coastline (Refer to Figure 2). Finally, the extracted coastlines were smoothed to obtain

accurate and reliable shoreline extraction results (Refer to Figure 3).

Landsat TM/ETM+/ OLI images
(1991 -2021)
Land water interface identification

Green —NIR
Green +NIR

}

’ Binary conversion of raster |

Raster to vector

NDWI =

Visual interpretation
and editing

Shoreline Extraction
(1991 -2021)

}

DSAS (Digital Shoreline Analysis System)

l

| Transects for 50 meters. ‘

}

Calculate shoreline change statics:

NSM
SCE
EPR
LRR

Figure 2. Schematic diagram of methodological procedures.
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Figure 3. Extracted shorelines from Landsat satellite imageries (1991-2021).

3.3. The Digital Shoreline Analysis System (DSAS) Application

The Digital Shoreline Analysis System (DSAS) is an extension of ArcGIS software,
developed by the U.S. Geological Survey, which enables the calculation of shoreline change
statistics by measuring the differences between the extracted shorelines and baseline. This
method has been used in numerous studies to determine temporal and spatial shoreline
movements [50,79,80]. In the current study, Shoreline Change Envelope (SCE), the Net
Shoreline Movement (NSM), End Point Rate (EPR), and Linear Regression Rate (LRR) were
calculated using DSAS 5.0 and ArcGIS 10.7.1 to determine shoreline change statistics.

The NSM is calculated by subtracting the distance of the youngest shoreline from the
oldest shoreline for each transect, with units in meters. Therefore, the NSM of a transect in
this study can be calculated as in Equation (2). Hence, the NSM of a transect for the present
study was calculated as given in Equation (3).

NSM = Distance(Oldst shoreline — Youngest shoreline) 2)

®)

The SCE is the greatest distance between all the shorelines for a given transect; hence,
it is always measured as a positive value relative to the baseline. This is calculated as given
in Equation (4).

NSM = Distance(shorelineygyy — shorelineyp; )

SCE = Distance(Shorelineg,hest — Shorelinenearest)

4)
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The EPR was determined by dividing the NSM by the time interval between the oldest
and youngest shorelines (T) and expressed the rate of change in meters per year (refer to
Equation (5)).

NSM

EPR = —— (5)

LRR (m/year) was calculated by using a least square regression line from all shoreline
positions along each transect. This method is useful for observing the trend of shoreline
evolution and determining the linear regression rate, which corresponds to the long-term
rates of coastal changes. Unlike the EPR method, the LRR method has the potential to use
more than two shorelines, which helps to overcome the deficiency in EPR. The statistical
results of the LRR were categorized into five groups based on the magnitude of shoreline
changes: high accretion (>4 m/year), low accretion (1 to 4 m/year), stable (—1 to 1 m/year),
low erosion (—4 to —1 m/year), and high erosion (>—4 m/year) following the method
outlined by Velsamy et al. [81].

4. Results and Discussion
4.1. Changes in Shoreline Configuration Pre- and Post-Construction of Oluvil Harbor

Shoreline changes were observed to be within a normal range between 1991 and 2008.
However, anomalous changes were noted in the study area between 2008 and 2021 (Refer
to Figures 4 and 5). Hence, the construction of the harbor is believed to be the primary
cause of these irregular shoreline changes, resulting in southward beach advancement and
northward retreat in the vicinity of the Oluvil harbor (Refer to Figure 4).
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Figure 4. Spatial variation of Oluvil coastline trends: (a) For 1991-2000; (b) For 2000-2008; (c) For
2008-2021.

The effect of harbor jetties on coastal dynamics is readily apparent in both neighboring
areas, where there was a rapid progradation of the shoreline and expansion of nearby
beaches due to the gradual accumulation of sand against the jetties. The harbor interrupts
both north and south longshore sediment transport, leading to the capture of sediment in
its northern and southern sides and the deposition of sand in nearby beaches. However,
accumulation rates decrease rapidly with increasing distance from the harbor.
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Figure 5. Google Earth Pro Images used to study the periodic change of Oluvil Coastline from
2000-2021 (accessed on 30 December 2022).

During the early stages of harbor construction, the impact of the short piers on the
shoreline configuration was minor (2008 shoreline). As the harbor expanded and the jetties
were prolonged seaward, the coastline continued to shift, with transects building up on the
south side of the harbor and shoreline retreat occurring on the northern side. Similar shore-
line behaviors were noted in some other studies as well. For example, studies conducted
on the Ravenna coastline variation (Italy) by Sytnik et al. [82] due to the construction of
Marina di Ravenna harbor and at the Mediterranean coastline of the Gaza Strip [21] due to
the Gaza harbor showed exactly the similar behavior.

4.2. DSAS Statics for Oluvil Coast

The current study quantified the rates of coastline change in each area of Oluvil
from 1991 to 2021 developing 184 transects along the coastline to investigate the statistical
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outputs of SCE, EPR, LRR, and NSM. The results of this study are presented in Figure 6a-d,
where positive (+) and negative (—) values of NSM, EPR, and LRR indicate accretion and
erosion, respectively, in a particular region.
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Figure 6. DSAS Statics of the Oluvil coast area: (a) For SCE; (b) For NSM; (c) For EPR; (d) For LRR.

Two methods, SCE and NSM, were utilized to measure the distance of shoreline
change and additional EPR and LRRs to calculate the rate of change (m/year). The LRR
method uses all available shoreline positions from the considered past 30 years, while the
EPR method only uses the oldest (1991) and youngest (2021) positions. Since LRR uses
all the time series data, the impact from spurious values can be reduced on the overall
accuracy of the change rate. Because of this, the LRR method is generally regarded as more
reliable than the EPR method [83]. Based on the SCE results, during the study period of
1991-2021, the greatest shoreline change observed was 523.8 m, although it is important
to note that this value could represent either accretion or erosion. However, it is worth
noting that even though SCE values always result in positive values, the shoreline change
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resulting from them does not necessarily indicate accretion. Transect number 115, situated
within the Oluvil harbor region, recorded the farthest distance of shoreline change in the
study area (refer to Figure 6a). On average, the distance between the farthest and closest
shoreline shift to the baseline was 187.3 m.

The study area’s resulting NSM values revealed severe erosion in the Oluvil area with
values ranging from —317.02 to +317.47 m (refer to Figure 6b). In the Ninthavur region,
NSM values range from —243.7 to —81.3 m, also indicating considerable erosion. On the
other hand, the Palamunai area, which is closest to the harbor in the southward direction,
recorded the highest variation in NSM of 10-317.5 m, indicating significant accretion. A
tail-like sedimentation shape has formed in the southward direction to the harbor (refer to
Figure 5), with NSM values ranging from 10-156.3 m, extending southward. Within the
area of transition, where erosion and accretion are in flux, NSM values range from —81.3 to
—10 m and —10 to 78.2 m, with negative and positive values indicating both erosion and
accretion scenarios.

The EPR analysis indicates that the maximum accumulation rates occur between
3 m/year to 10.7 m/year southward of the harbor, while the highest levels of beach erosion
were recorded between —10.7 m/year to —3.0 m/year northward direction of the harbor
(Refer to Figure 6¢). From 1991 to 2008, the shoreline remained relatively stable (refer to
Figure 4). However, since the start of harbor construction in 2008, major changes have
been observed in the post-construction period of 2008-2021, with anomalous erosion and
accretion occurring in the regions north and south of the harbor.

The LRR rates calculated in this study reveal the rate of shoreline change per year
(refer to Figure 6d). The analysis shows that anomalous erosion with rates ranging from
—3 m/year to —10 m/year occurred northward of the harbor, resulting in beach retrogra-
dation. On the other hand, southward of the harbor, beach progradation was observed
at rates of 3 m/year to 14.3 m/year. As stated by Velsamy et al. [81], the Oluvil coast has
experienced significant erosion and accretion (Refer to Figure 6d), with values exceeding
4 m per year.

The DSAS kinematics depicted that shoreline changes on both sides of the harbor
have a trend of increasing landward (seaward) movement in the northward (southward)
area over time. These findings from monitoring and measuring the distance and rate of
shoreline changes on Sri Lanka’s eastern coast are important for the effective management,
protection, and conservation of coastal resources. Reliable assessment of the present-day
wave climate and erosion hotspots in the study area is challenging due to the unavailability
of local wave measurements. Therefore, the authors recommend conducting future studies
to validate the results obtained in this study.

4.3. Dynamic Shoreline Processes: Erosion and Accretion

Figure 7 illustrates the changes in eroded and accreted areas along the Oluvil coast
during the period of 2008-2021. In the study period, the northern regions of the Oluvil
harbor experienced erosion, while the southern regions experienced accretion. Erosion
was especially strong in the estuarine areas, where the total length of eroded sections was
4150 m, and the area was 40 ha. The total length of accreted sections was 5545 m with
an area of 84.44 ha. The strongest eroded section was observed in the north of the Oluvil
harbor along the Ninthavur-Oluvil coastline (refer to Figures 7 and 8). In contrast, the most
accretion section was in the south of the Oluvil harbor along the Palamunai-Addalachenai
coastline (refer to Figures 7 and 8). These changes suggest that the breakwaters at the harbor
entrance are impeding longshore sediment delivery, resulting in accumulation within the
harbor opening and along the southward route of the harbor, which includes Palamunai
and Addalaichenai beaches.
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4.4. Potential Impact of Shoreline Changes on Eco-System and Land Use Patterns

The study area is encompassed by an array of natural habitats such as beaches, lagoons,
and mangroves, all of which support a rich biodiversity. Hence, this area is sensitive to
both flora and fauna. For example, this area is home to the critically endangered Sesamum
prostratum, which is listed in the 2012 national red data book. Scaevola plumieri (Heen
Takkada), which is a rare plant species within the country, can also be found in this area.
Additionally, endemic plant species such as Vernonia zeylanica (Pupulu), Cassine glauca
(Neralu), and Derris parviflora (Kala Wel) also have been reported in the area. This region
not only houses plant species, but also migratory birds such as the blue-tailed bee-eater
(Merops philippinus) (the blue-tailed bee-eater has been classified as Critically Endangered
due to the limited breeding population within Sri Lanka). A new breeding location for
the blue-tailed bee-eater in the vicinity of Oluvil Harbor has been discovered [84]. He
further stated that due to Oluvil harbor construction, artificial sand dunes have become
the largest nesting area observed on the island for this migratory bird species. However,
the construction of the Oluvil Harbor has caused numerous problems for the area and
the environment. While the development was intended to provide benefits to society
and the government, it has resulted in numerous complications. Before 2008, the locals
were engaged in agricultural and fishing activities. The farmers and fishermen reaped
benefits both economically and physically. The northern part of the harbor consisted of
30 acres of agricultural land, where over 4000 coconut trees were planted, and paddy
and vegetables were productively cultivated. They also have used traditional fishing
methods and earned substantial income from deep sea fishing during each season. They
also conducted freshwater fishing in Kali-odai River for a long period [85].

However, after the harbor project, the locals faced a host of new challenges. Erosion
occurred more on the north side of the harbor, while accumulation was observed on the
south side affecting the eco-system of these coastal areas. The primary issue is coastal
erosion, which has continued since the harbor development began. Currently, more than
100 m of land have retreated near the sea, and more than 3000 coconut trees have been
destroyed due to erosion. Additionally, 30 acres of land remain abandoned without any
cultivation [86]. Moreover, the construction of the port has resulted in the blockage of the
irrigation channel for the paddy lands. This has led to the ingress of seawater into the
paddy lands via the river, causing erosion and resulting in the loss of paddy lands to the
sea [86].

Fish resources were also affected by the harbor’s development, causing a significant
reduction in the quantity of fish. The erosion caused a change in the mouth of Kali-odai
River, leading to the loss of livelihood for around 500 to 1000 fishermen [86]. The authorities
attempted to address erosion by constructing wave barriers using granite on the shoreline,
but this solution proved to be inadequate, causing additional erosion and resulting in the
destruction of 20 fishing boats [86,87]. This has also resulted in the loss of the natural
coastline that fishermen relied on for their livelihoods. Consequently, both traditional
fishermen and those using conventional fishing crafts lost access to the coast for their
activities, making it impossible to continue their occupation.

Additionally, the coastal vegetation in these areas provided a seasonal habitat for
turtles to lay their eggs and propagate new generations. However, erosion has destroyed
this vegetation, which has disrupted the turtles’ reproductive patterns and caused them to
stop coming to these areas [86].

This has rendered the harbor ineffective in achieving its construction goals. Sediment
from the northern region is being carried away and deposited along the southern part of
the Oluvil harbor. The accretion has also caused siltation at the mouth of the Oluvil harbor,
resulting in vessel operation being at a standstill. Therefore, it is necessary to stabilize and
achieve sustainable improvement of the Oluvil coastal region.
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4.5. Current State of Oluvil Harbor and Potential Strategies for Future Mitigations

The Oluvil Harbor was constructed to achieve specific objectives including the pro-
vision of proper port services for commercial ships, the enhancement of coastal access,
and the improvement of the coastal route. Another important goal was to attract investors
through increased fishing, which would lead to more employment opportunities and ad-
dress issues faced by deep sea fishing vessels. However, despite the completion of the
project in 2013, the harbor and all associated buildings remained inactive for over eight
years due to environmental challenges, notably sea erosion that worsened following the
harbor’s construction. This situation led to the development of a breakwater arrangement
to obstruct the seawater flow. However, this blocked the sand flow, leading to sea erosion
in the northern area and sand accumulation at the port’s entrance preventing fishing boats
from entering the sea from the fishing harbor. Due to the severity of the sand accumulation,
fishing boats cannot enter the sea from the fishing harbor, leading to the suspension of its
operation since September 2018. Therefore, no ship has utilized the commercial port to
date. However, temporary dredging is performed at the port entrance to facilitate the en-
trance requirements of local fishermen. It should be noted that this is a short-term measure
intended solely for addressing this particular situation. The boats and ships purchased
with the expectation of utilizing the fishing harbor are currently anchored in Valaichenai,
causing a significant hardship for local fishermen.

To resume fishing activities in Oluvil harbor, it is necessary to remove the sand deposits
at the entrance of the port. However, dredging is not a viable long-term solution due to its
cost implications. Unfortunately, the lack of local wave measurements and morphological
data in the study area makes it difficult to identify and quantify longshore sediment
transport and erosion hotspots. Most available studies have focused on the southwestern
coasts of Sri Lanka, with a few conducted on the eastern coast. For example, Nijamir and
Kaleel [86] propose several measures to manage shoreline erosion in the Oluvil coastal area.
These include expanding the breakwater’s coverage area through the use of multiple small,
detached segments, utilizing a wave-attenuation system such as a floating breakwater,
safeguarding mangroves, installing rift fences to regulate wind erosion, implementing
concrete interlocking pieces, and replanting to manage shoreline changes. However, to
arrive at a permanent solution, collecting data on sea waves over the past three years and
analyzing them with advanced techniques such as long-term observation-based numerical
models is crucial, which is also concluded by Nijamir and Kaleel [86]. This will enable a
proper understanding of wave transformation and sediment transport modeling in the
study area and the reliable assessment of present-day longshore sediment transport, wave
climate, and erosion hotspots. Further, Nijamir and Kaleel [86] have stated that it is also
important to implement nationally or internationally recognized integrated coastal zone
management (ICZM) processes within the study area. These will aid in deciding on a proper
solution for the current problem. Consequently, a sustainable solution can be decided based
on a proper environmental impact assessment.

4.6. Accuracy of LandSat Images in the Shoreline Detection

The accuracy of the LandSat images is always questionable in the context of shoreline
detention. Cloud cover and resolution can be major concerns that are affecting the accuracy
of the LandSat images. However, it is difficult to assess the accuracy when it comes to
shoreline changes in some counties due to poor ground measurements. Most developing
countries do not have a direct monitoring system to measure and record the shoreline
to showcase the spatiotemporal variation. The data scatter on this is very poor in Sri
Lanka. Therefore, the accuracy of the LandSats in the context of Sri Lankan shores is not
compared yet. Nevertheless, literature gives many similar studies showcasing the higher
accuracy of the LandSat images in the context of shoreline assessment. Apostolopoulos
and Nikolakopoulos [41] assessed and quantified the accuracy of remote sensing data for
shoreline monitoring. They identified the lower spatial resolution of Landsat images as
the major drawback. Pardo-Pascual et al. [43] assessed the accuracy of Landsat 7, Landsat
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8, and Sentinel -2 images in relation to shoreline prediction of the Valencian coast. Their
results suggested that mean horizontal errors of 3.06-5.50 m can be observed in these
satellite images. In addition, the mean annual shorelines in 9 km of sandy beach at El Saler,
Valencia, Spain were assessed by Almonacid-Caballer et al. [87]. They observed 4-5 m
of seaward error in Landsats in comparison to the more precise methods. Nevertheless,
Karaman [88] showcases higher accuracies in satellite images for shoreline protection on
Lake Salda, Turkey. Similar results were found by Dewidar and Bayoumi [89] in their
research work, which had 31 Landsat images. Therefore, it can be clearly seen herein that
the Landsat images are heavily used in the related studies even at a cost of some accuracy.
The usage of Landsat is significant in the data scarcity regions. However, accuracy can be
enhanced by using higher-resolution satellite images. Nevertheless, the authorities should
be willing to incur the cost of higher-resolution satellite images for such cases.

5. Conclusions and Future Works

This study employed Landsat images and the GIS tool DSAS to detect periodic shore-
line changes in the Oluvil Coast in Ampara district, Sri Lanka. The findings indicated
that the shorelines have been undergoing temporal shifting, with the periodical accretion
of surrounding beaches occurring in the southward area of the harbor, and a landward
movement of the sea from the northward area of the Oluvil harbor. Upon analyzing the
areas affected by shoreline retreat, it can be inferred that the shape of the Oluvil coast has
undergone significant variations due to human-induced harbor constructions.

The observed changes between 2008 and 2021 have significantly affected the socioeco-
nomic environment of the Oluvil region. The livelihoods of subsistence fishers, who relied
on coastline fisheries, have been detrimentally impacted due to cottage destruction caused
by shoreline changes. Coastal erosion also has destroyed coconut farmland, affecting the
socio-economic stability of the landowners’ income. Therefore, proper shoreline protective
measures should be implemented to mitigate and control the present shoreline changes,
thereby curbing future trends and their impact on society. This study also highlights the
critical importance of conducting thorough hydro and morphodynamic analyses prior to
the implementation of large engineering projects near coastlines. It further documented
that neglecting these analyses can result in significant losses and negative consequences for
both local communities and the environment, indicating the difficulties in remedying dam-
ages once they have already occurred. Overall, this research highlights the critical role of
scientific inquiry and responsible decision-making in promoting sustainable development
and protecting communities and the environment.

The present study primarily focuses on the anthropogenic effect. However, It is
important to acknowledge that natural factors can also contribute to shoreline erosion.
Therefore, it is recommended that future shoreline analyses incorporate natural factors
to produce more accurate and comprehensive results for comparison. Conducting future
studies to validate the results obtained in this study is also another recommendation arrived
at through the present study.
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