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Abstract Many tourists have been recently attracted
towards the coasts around the world, especially to the
large urban centres and economically significant areas.
In the last four decades, there is a significant increase
in the key coastal developments and tourist’s attractions
like major ports, minor ports, fishing harbours, desali-
nation plants, shore protection structures, and many
more along the southeast coasts of India, in particular,
northern Tami Nadu coastal stretches. The shoreline
change study of these regions were carried out using the
geospatial technologies (satellite remote sensing and
geographical information system) to examine potential
modifications occurred during the last 32 years between
March 1990 and May 2022. This study used Landsat
satellite images of spatial resolution 30 m to track the
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shoreline changes which was extracted using the Digital
Image Processing software and techniques. In addition,
the United States Geological Survey (USGS) developed
Digital Shoreline Analysis System (DSAS) v5.2 soft-
ware, an add-on tool to ArcGIS used for the statistical
analysis to compute the shoreline rate of change. The
linear regression rate (LRR) and end point rate (EPR)
statistics were used to identify the eroding, accreting,
and stable shoreline between Kattupalli coast and Kalp-
akkam coast of the northern Tamil Nadu coasts. This
shoreline study of 106 km was carried out by dividing it
into six zones (zone 1 to zone 6), and the DSAS analy-
sis conveys that the shoreline of zone 1 (Kattupalli)
and zone 2 (Ennore) shows erosion compared to other
four zones. In locations where the coast is vulnerable,
national mitigation measures must be implemented.
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Introduction

The extraction of shorelines should be seen as a cru-
cial area for study from the standpoint of coastal zone
monitoring, which is important for national develop-
ment and environmental management (Rasuly et al.,
2010). The International Geographic Data Commit-
tee (IGDC) acknowledges that the coastline is one
of the most prominent distinguishing characteristics.
The boundary between a land and a body of water
is known as its coastline (Li et al., 2001). A coastal
location, orientation, and geometric shape data are
crucial for geographical exploration, autonomous
navigation, coastal erosion modelling and monitor-
ing, and coastal resource management and inventory
(Liu & Jezek, 2004). One of the most active processes
in coastal areas is shoreline change (Bagli & Soille,
2003; Mills et al., 2005). Dense populations near
the beach generate more susceptible places in many
coastal zones of emerging nations. Therefore, map-
ping the shoreline shift is crucial for coastal hazard
assessment (Marfai et al., 2008).

The coastline is a highly dynamic structure that
indicates coastal erosion and accretion, as Genz et al.
(2007) described. Various time ranges, geological to
transient severe occurrences, are involved in shoreline
modifications. Waves, tides, winds, sea level rise, fre-
quent storms, geomorphic processes such as accretion
and erosion, and human activities are all significant
contributors to these alterations (Van & Binh, 2009).
Therefore, coastal resource management, coastal envi-
ronment conservation, sustainable coastal development,
and planning all rely heavily on accurate and up-to-date
shoreline maps and monitoring (Li & Tang, 2013; Roy
et al., 2018; Sherman & Bauer, 1993). Thus, it is crucial
to extract shorelines at different periods and precisely
estimate future coastal changes, focusing on rapid and
accurate assessments of dynamic shoreline changes
(Berberoglu & Akin, 2009; Chen et al., 2019).

Remote sensing is more effective for coastal and
deltaic environment monitoring than traditional
approaches (Saranathan et al., 2011). Over the last
several years, there has been a lot of focus on using
numerical modelling and remote sensing data to assess
and predict shoreline change (Raj et al., 2020). Pri-
mary change estimations are made more precisely and
accurately using remotely sensed satellite data and
GIS technologies (Kaliraj et al., 2015). Monitoring
coastal changes is made possible through the study of
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multi-temporal Landsat satellite image (MTLSI) series
utilizing sensors including the Thematic Mapper (TM),
Multi-Spectral Scanner (MSS), and Enhanced Thematic
Mapper Plus (ETM +), as well as classifications based
on Tasseled cap, ISO data clustering, maximum likeli-
hood, normalized difference vegetation index (NDVI),
and principal component analysis (PCA) (Mujabar
& Chandrasekar, 2013). Shoreline change rates have
been estimated using a variety of statistical techniques,
including least median of squares (LMS), LRR, EPR,
average rate (AOR), and Jack Knifing (Deepika et al.,
2014). However, EPR was viewed by Dolan et al.
(1991) as the best method for assessing the long-term
changes to the coastline. When determining the loca-
tion of the coastline, the LRR also plays a crucial role
by minimizing the effects of random error and tem-
porary variations (Maiti & Bhattacharya, 2009). The
EPR, LRR, and LMS modules of the Digital Shoreline
Analysis System (DSAS) are statistical methods that
help to quantify shoreline change over time using sat-
ellite images (Thieler et al., 2017). MSS satellite data,
including Landsat TM, ETM, OLI pictures, and DSAS,
have been utilized effectively by Nassar et al. (2018) to
identify shoreline alterations along the coast of northern
Sinai (Egypt).

Multiple scientists, including Natesan et al.
(2015), Kumaravel et al. (2013), and Chand and
Acharya (2010) have tracked coastal shifts in
Tamil Nadu. In addition, Kannan et al. (2014) have
reported on the wave energy along the research
region, while Anand et al. (2011) goes into depth
about the direction and amount of littoral drift
through measurements. However, according to the
literature review on a littoral ridge along the Chen-
nai coast, there is a severe deficiency in accurately
measuring the shoreline change rates using high-
precision methodologies. This research is the first
to examine the coastline alterations over a 106-km
stretch of three coastal districts in Tamil Nadu:
Thiruvallur, Chennai, and Chengalpattu. These dis-
tricts include both urban and semi-urban regions of
the city of Chennai. Herein, the results of a 32-year-
long Digital Shoreline Analysis System (DSAS) cal-
culation projecting how the coastline has changed
are detailed. This research intends to map and quan-
tify coastal erosion and accretion rates throughout
the study region using many statistical methodolo-
gies made possible by DSAS, such as the EPR and
the LRR.
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Materials and methods
Study area

The Indian state of Tamil Nadu is the eastern coast
and southernmost state in the country. Northern Tamil
Nadu coastline comprises Thiruvallur, Chennai, and
Chengalpattu districts (Fig. 1). Tamil Nadu has the

sixth-highest population in India according to Census
2011 (at 72,147,030), with over half of its residents
residing around its coasts. A total of 1,664,105 people
live in the region, with Thiruvallur district accounting
for around 3,728,104 of those people, Chennai district
for roughly 8,917,749, and Chengalpattu district for
approximately 3,998,252 people. The study region is
the most populated part of the state and its economic
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Fig. 1 Study area map of northern Tamil Nadu, India
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hub. The geographical coordinates of this coastline
study area are between the latitude 13° 22’ 2"N and
12° 26’ 53"N and also between the longitude 80° 20’
16"E and 80° 8' 39"E. There are a total of 106 km of
coastline within the study region; this includes 29 km
of the Thiruvallur district coastline, 19 km of the
Chennai district coastline, and 58 km of the Chengal-
pattu district coastline. Each year, short-term natural
and man-made disruptions impact the northern Tamil
Nadu coast (Saranathan et al., 2011). Ports of Kat-
tupalli (zone 1), Ennore (zone 2), and Chennai (zone
3) and groins in Ennore are examples of man-made
structures in northern Tamil Nadu coastal zone, zone
4 includes the world’s second-longest beach, Marina
Beach; zone 5 includes Mamallapuram Beach, and
zone 6 includes the Kalpakkam Atomic Power Energy
Station which are all at high risk (Pandian et al.,
2004). Semi-diurnal tides with average micro-tidal
neap and spring tidal ranges between 0.1 and 1.4 m
are observed throughout the northern Tamil Nadu
coast (Kankara et al., 2013).

Shoreline extraction

MTLSI between 1990 and 2022 were used in this
study. The satellite images were downloaded from the
USGS website for the years 1990, 1995, 2000, 2005,
2010, 2015, 2020, and 2022. Landsat data were sam-
pled at every 5-year interval to capture the medium-
term variation of the shoreline between 1990 and
2022 (Table 1). Only one image acquisition data was
selected from the specified years, and this was based
on the main cloudless imagery, as cloud may affect the
shoreline position detection, and hence image acquired
in summer months between March and June. Each
satellite image was downloaded in UTM (Universal
Transverse Mercator) projection with WGS 84 datum
and Zone 44 North. To study shoreline changes, the
satellite images are to be geometrically corrected. The
georeferenced satellite images were co-registered using
imagine auto-sync workstation to make the geomet-
ric correction accurately. The corresponding image tie
points between the reference, and input images were
identified and measured using the Automated Point
Measurement (APM) software tool, which uses image-
matching technology. In general, two or more images
that are already georeferenced were co-registered with
the reference image that is 2022 satellite image. The
tie points were generated using an automatic tie point
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Table 1 Landsat satellite image details used for this shoreline
change

S.no  Satellite and sensor ~ Spatial Date of acquisition
resolution
1 Landsat TM 5 30 m 15.3.1990
2 Landsat TM 5 30 m 29.3.1995
3 Landsat ETM 5 30 m 5.5.2000
4 Landsat TM 5 30 m 11.5.2005
5 Landsat TM 5 30 m 25.5.2010
6 Landsat 8 30m 24.6.2015
7 Landsat 8 30m 2.4.2020
8 Landsat 8 30 m 26.5.2022

measurement tool for both the reference image and the
input image. So, all the images were matched with tie
points generated with the reference image. The accu-
racy of the image is based on the reference image. Root
Mean Square Error (RMSE) values were considered
while doing co-registration. The output image was
stored using the appropriate resampling method. This
process was done for all images keeping the same ref-
erence images. The shorelines for each year were digi-
tized and saved along with the appropriate MM/DD/
YYYY added to the attribute table.

Shoreline analysis in DSAS

To calculate changes, we used the USGS Digital
Shoreline Analysis System (DSAS) version 5.2 (a
plug-in for ArcGIS). DSAS is a software extension
used in measuring, quantifying, calculating, and moni-
toring shoreline rate-of-change statistics from multiple
historical shoreline positions and sources. The proce-
dures consisted of four stages: preparing the shoreline,
establishing a baseline, generating transects, and cal-
culating the rate of change (Raj et al., 2020). First, a
single shape file with all shorelines was uploaded to a
personal geodatabase. Then, shoreline layer properties
were modified to include the date in the format MM/
DD/YYYY, and the baseline was given in metres rela-
tive to a projected coordinate system. Next, a landward
baseline was created by a 1000-m buffer from the
most recent and landward shoreline (2022). Finally,
the buffer polygon was converted into polylines. This
baseline is the starting point for all transects cast. This
was added to the Geodatabase as a feature class. Next,
the default parameters were set for casting transects.
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Using the cast transects feature in DSAS, placed tran-
sects for 1000 m perpendicular to the shore at 100-m
intervals over the whole shoreline, smoothing over
a distance of 50 m. Data from the transect feature
were utilized to calculate the shifts, and 1054 tran-
sects were generated for this purpose. This investiga-
tion employed the LRR and EPR as statistical tools.
Positive values were found for accretion and negative
values for erosion when comparing the rates of shore-
line fluctuation (Raj et al., 2020; Natesan et al., 2015).
After the data analysis, a table containing the results
was generated and stored in the same user-controlled
Geodatabase.

Statistical analysis

The variation rate may be estimated using LRR by
fitting a least-square regression line to each transect
point’s location along the shoreline (DSAS 5.0 user
guide 2018). This approach incorporates all available
data without regard to variations in trend or precision.
The whole computational calculation was based on
the well-established statistical ideas of Crowell et al.
(1997) and Dolan et al. (1991). It is the best way to
anticipate where the water’s edge will be and how much
uncertainty there will be in that prediction (Douglas &
Crowell, 2000; Crowell et al., 1997). Another statistical
metric, known as net shoreline movement (NSM), cal-
culates the difference between transects that are parallel
to the shorelines and the separation between the recent
and oldest shorelines (DSAS 5.0 user guide 2018). Its
numerical expression is:

NSM = {dyyp, — dyggptm

To get the EPR, NSM was split according to the
interval between the oldest and most recent shoreline
(Himmelstoss et al., 2021). Therefore, it requires at
least two shoreline dates as well as, preferably, addi-
tional information on accretion and erosion (Crowell
et al., 1997; Dolan et al., 1991). The following is the
formula used to determine EPR:

d —-d
EPR = {2022 1990}m/year
022 ~ t1990

where d is the distance between the shoreline and
baselines, ¢ the dates of the two shoreline positions,
and m/year rate of changes.

All data analysis was done using GraphPad Prism1
8.0 (Graphpad Inc., Harvey Motulsky, Los Angeles,
CA, USA). At first, a descriptive analysis was per-
formed to provide an overall view of LRR, EPR, and
shoreline position from the baseline of zone 1, zone
2, zone 3, zone 4, zone 5, and zone 6 over the study
period. Then, an LRR was used to fit the shorelines
offset from the starting position to each independ-
ent variable. Statistical significance was defined as a
p-value less than < 0.05.

Result and discussion

DSAS attempted to predict the coastline changes
using satellite images of the last 32 years between
1990 and 2022. After post-processing the 32 years
of satellite images in digital image processing soft-
ware, shoreline analysis was carried out along the
northern Tamil Nadu coasts about 104 km between
the Kattupalli creek at Thiruvallur district on the
north and the Kadalur village (latitude 12°26'53"N
and longitude 80° 8'39"E) at Chengalpattu district
on the south. The salient natural and anthropogenic
geomorphic features within this region are four major
natural rivers (Kosasthalaiyar, Coovum, Adyar, and
Palar) joining into the Bay of Bengal, Kamarajar Port
Limited (KPL) and Chennai Port Authority (ChPA),
one minor port (Kattupalli Port), two fishing har-
bours (Kasimedu Fishing Harbour and New Thiru-
votriyur Fishing Harbour), Madras Atomic Power
Station (MAPS, Kalpakkam), archaeological sites
(Mahabalipuram shore temple and Tiger Caves), two
desalination plants (Kattupalli and Nemmeli), world
second longest sandy beach (Marina Beach), tour-
ist beaches (Elliot’s Beach, Thiruvanmiyur Beach,
Kovalam Rock Beach, etc.), two creeks (Ennore and
Kattupalli), seawall, breakwater, groins, backwaters
(Muttukadu and Kalpakkam), government and private
beach resorts, fishing hamlets, etc. In some regions
mentioned above, with evidence of major morpholog-
ical changes between 1990 and 2022, few parts show
relatively low or no changes, and few areas are stable
coasts (Fig. 2a). The DSAS tool was used to produce
1054 transects, out of which 951 transects were used
for the computation of the rate of shoreline change,
and each zone’s total used transects are zone 1, 58
transects (Table S2); zone 2, 152 transects (Table S5);
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zone 3, 96 transects (Table S8); zone 4, 236 tran-
sects (Table S11); zone 5, 215 transects (Table S14);
and zone 6, 194 transects (Table S17) to assess the
coastline change in the study region. Each shoreline
is about 100 m apart and runs 1000 m perpendicu-
lar from the baseline of the respective year shore-
lines for the linear measurements. Once the data from
each profile is collected, EPR and LRR are used to
determine the average annual rate of shoreline change
(m/y). The highest accretion rates of 23.24 m/year
(EPR) and 24.46 m/year (LRR) and maximum ero-
sion rates of — 11.15 m/year (EPR) and — 12.24m/year
(LRR) were recorded in the northern Tamil Nadu
coastline (Fig. 2b) (Table 2). At each transect, we cal-
culated the positional uncertainty between adjacent
segments and the rate at which the coastline changed.
Different techniques, such as LRR and EPR, were
used to evaluate shoreline change rates. After com-
paring LRR with EPR, the R? value was found to be
0.97, with a significant level of statistical significance
(»<0.0001) (Fig. 2c) (Table S1). Therefore, it can
be concluded that a significant difference in LRR vs
EPR was discovered at a given transect when the rate
of shoreline change was calculated. This study split
the coastline of northern Tamil Nadu into six zones:
(a) Kattupalli (zone 1), (b) Ennore (zone 2), (c) Chen-
nai (zone 3), (d) Kovalam (zone 4), (e) Mahabali-
puram (zone 5), and (f) Kalpakkam (zone 6).

Kattupalli (zone 1)

Ponneri and Thiruvotriyur taluks are located along
the Thiruvallur district’s shore. The combined coast-
line of these two taluks is 27.9 km in length. The
estimated 53,007 people in the fishing community
in 2012 were spread among 58 villages, 17 gener-
ating revenue, and a total of 28 fishing landing sta-
tions, as reported by the Tamil Nadu Department
of Fisheries. The fishing industry has a strong pres-
ence in Pulicat, Minjur, Ennore, and Thiruvotriyur,
whereas Kattupalli and other parts of the Thiruval-
lur district are among the most hazardous places. The
shoreline length of about 6.00 km is discussed here
between the northern breakwater of the M/s. Adani
port earnest, M/s. Larson & Turbo port earnest, Kat-
tupalli port, and north of the Kattupalli creek (lati-
tude 13°21'45"N/longitude 80°20'15"E). Kattupalli
creek is about 260-270 m in width and opens into
the Bay of Bengal during the monsoon and typically
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closes during the non-monsoon/summer season. The
32 years of satellite images and the DSAS statisti-
cal analysis (EPR and LRR) convey that this region
is typically dominated by erosion (Fig. 3a). The
results indicate that the maximum shoreline accre-
tion rate was about 0.19 m/y (EPR) and 0.01 m/y
(LRR). It also found that the maximum erosion rate
was—11.15 m/y (EPR) and-12.24 m/y (LRR).
At Kattupalli, erosion was detected at an average
rate of —4.697 m/y (EPR) and—5.259 m/y (LRR)
(Fig. 3b, Table S2). Using WebGIS, Jayakumar and
Malarvannan (2016) analysed shoreline changes in
the same area from 1991 to 2006, and their findings
are consistent with those of the present study. Due
to man-made structures and groins, this researcher
revealed that erosion along the Kattupalli shoreline
reached a maximum of roughly 126 ha. Sriganesh
et al. (2015) highlighted that the presence of coastal
structures (breakwaters and groins) also influences
this region’s erosion. In 1990, the average baseline
length was 845.7 m. The mean shoreline distance
from baseline was 858.2 m in 1995, 866.5 m in 2000,
839.2 m in 2005, 828.5 m in 2010, 753.9 m in 2015,
and 710.8 m in 2020 (Fig. 3c, Table S3). The coast-
line receded in 2022; as a result, it is now 694.5 m
away from the baseline (Fig. 3c, Table S3). The
coastline is reported to fluctuate throughout the year.
A least-square regression line was fitted to all shore-
line sites between 1990 and 2022 to get an LRR.
In this study, regression coefficient (R?) is 0.7982,
p<0.05 (Fig. 3d, Table S4). The results show a high
correlation between the dependent and independ-
ent variables, as measured by R squared. Therefore,
shoreline change was a significant correlation coef-
ficient. The satellite images conclude that major
shoreline changes were noticed between the northern
breakwater of M/s. Adani port and 350 m north.

Ennore (zone 2)

Ennore coastal region is located in the north of the
metropolitan city of Chennai, the capital of Tamil
Nadu. This zone 2 region is bounded by the KPL on
the north and Kasimedu fishing harbour (KFH) on
the south, with a total 14.5 km length of coastline for
the shoreline analysis. Ennore Port Limited (EPL) is
one of the 12 major ports of the country and covers
about 2.5 km of coastline by bordering two breakwa-
ters (BW) on either side (one BW at the south and
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Table 2 Summary of EPR and LPR overall different shoreline
changes detected at the northern coast in Tamil Nadu, India,
between 1990 and 2022

EPR LRR
Number of values 1054 1054
Minimum —11.15 —12.24
25% percentile —0.02000 —0.1000
Median 0.7100 0.5150
75% percentile 1.483 1.173
Maximum 23.24 24.46
Range 34.39 36.70
Mean 1.019 0.8660
Std. deviation 3.955 4.135
Std. error of mean 0.1218 0.1274
Sum 1074 912.7

another BW at the north) of the port. KPL/EPL has a
630-m-wide opening towards the southeast direction
(i.e. towards zone 2) for the boats/ships/vessels entry
and exit, which is about 650 m offshore/perpendicu-
lar distance from the shoreline. Ennore Creek is situ-
ated at latitude 13°14' N and longitude 80°19'40" E,
which is about 2.5 km south of the KPL south BW
with a 450-m-wide opening into the Bay of Bengal.
The satellite images between 2000 and 2022 show
the Ennore creek (Kosasthalaiyar River mouth/join-
ing into the Bay of Bengal) undergoes several modi-
fications with erosion and accretions by closing/
narrowing/widening of the opening along with the
changes in the joining direction to the Bay of Bengal.
The satellite images also show the coastal structures,
like seawalls (parallel to the shore/coast) and groins
(perpendicular to the shore/coast), in and around this
river joins. The major shoreline change in Ennore
coastal area is caused by the process of movements
of sediments owing to the impact of physical factors.
The coastline has been impacted by continuous natu-
ral sea waves, winds, currents, tides, the Kosasthalai-
yar River, and anthropogenic activities (port, fishing,
etc.). In 2001, the port was opened, so coal could be
imported from nearby thermal power plants and used
in future industrial developments. The coastal stretch
of 14.5 km between the KPL/EPL and the Kasimedu
Fishing Harbour (KFH) is shown in Fig. 4a with the
coastal changes. Erosion was the dominant factor in
this area. According to the findings, the maximum
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coastline accretion rates were about 23.24 m/y
(EPR) and 24.46 m/y (LRR). Maximum erosion rates
were found to be—5.41 m/y (EPR) and—7.00 m/y
(LRR) (Fig. 4b, Table S5). Raj et al. (2019) ana-
lysed coastal changes from 2013 to 2016 using LRR
and EPR, and their findings are compared here. In
the starting period of 1990, the mean baseline was
818.3 m. The mean baseline was 805.7 m in 1995,
541.5 m in 2000, 292.8 m in 2005, 191.2 m in 2010,
78.58 m in 2015, and 123.6 m in 2020. The coast-
line eroded throughout 2022, and the existing shore-
line is 245.4 m from baseline (Fig. 4c, Table S6).
The unstoppable spatial changes of the coastline/
shores occur regularly at various scales. Its temporal
changes can identify easily at/along the typical natu-
ral geomorphological features (sandy beach, rocky
beach, estuary, inlet, creek, lagoon, backwater, river
joining, tidal flats, etc.), also significantly at/along
the anthropogenic interventions (seawall, groin,
breakwater, pipeline, the fishing harbour, ports, etc.).
We calculated an LRR of change by using a least-
square regression line to model the distribution of
shoreline points across the time span of 1990-2022.
In this study, regression coefficient (RZ) is 0.5986,
p<0.05 (Fig. 4d, Table S7).The R-squared values
show a good correlation between the dependent and
independent variables. Therefore, shoreline change
was a significant correlation coefficient.

Chennai (zone 3)

Chennai shore is located on the southeast coast of the
Indian peninsula, and also it is one of the major met-
ropolitan coastal cities in the nation. Chennai is the
capital of Tamil Nadu state with the longest beach in
the country, which is also the second-longest sandy
beach in the world called Marina Beach. This zone 3
is considered between the ChPA south to the Adyar
River, joining into the Bay of Bengal. Zone 3 is about
9.6 km, with 96 transects used for this shoreline anal-
ysis. It has 9101 fishing communities and 12 fish-
landing sites, including one significant fish-landing
facility. Coovum River estuary (latitude 13° 4’ 2" N
and longitude 80° 17’ 21" E) on the north of this zone
3 had a 200-m-wide opening into the sea during the
monsoon periods between the 1990 and 2000 period.
Adyar River estuary (latitude 13° 0’ 50” N and longi-
tude 80° 16' 38” E) on the south of this zone 3 had a
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Fig. 3 a Estimations of different shoreline changes (erosion »
or accretion) detected at Kattupalli (zone 1) in Tamil Nadu,
India between 1990 and 2022; b box plot of different degrees
of erosion and accretion at the Kattupalli (zone 1) in Tamil
Nadu, India, between 1990 and 2022 from LRR, EPR; ¢ box
plot of change from baseline in Kattupalli (zone 1) in Tamil
Nadu, India, between 1990 and 2022; d linear regression rate
of shoreline changes. Blue dot represents data points, blue line
represents line of regression, and red dashed lines represent the
confidence interval

400-m-wide opening into the sea between 1990 and
2000. Satellite image analysis shows that this zone
was dominated by accretion (Fig. 5a). This may not
only be by the two rivers’ sediment supply into the
sea but may also be by anthropogenic developmental
activities, like ChPA. The findings show the maxi-
mum shoreline accretion rate was about 4.21 m/y
(EPR) and 6.32 m/y (LRR). The maximum erosion
rate was—1.16 m/y (EPR), and—0.84 m/y (LRR)
was found. At Chennai, shoreline accretion was
detected at an average rate of 1.66 m/y (EPR) and
1.78 m/y (LRR) (Fig. 5b, Table S8). In the starting
period of 1990, the mean baseline was 667.8 m. The
mean baseline was 673.0 m in 1995, 667.6 m in 2000,
701.3 m in 2005, 696.5 m in 2010, 698.7 m in 2015,
and 723.4 m in 2020. In 2022, the shoreline accreted,
and the present shoreline is located at a distance of
721.3 m from the baseline (Fig. 5c, Table S9). The
coastline change analysis is consistent with the results
obtained by Mary et al. (2022) who used LRR and
EPR to detect shoreline changes in the same loca-
tion from 2000 to 2019. According to this researcher,
the building of the training wall at the Coovum River
mouth caused the Chennai shoreline to accrete to a
maximum length of roughly 10.5 m. We calculated an
LRR of change by using a least-square regression line
to model the distribution of shoreline points across
the time span of 1990-2022. In this study, regres-
sion coefficient (R?) is 0.8668, p<0.0008 (Fig. 5d,
Table S10). The R-squared values show a good cor-
relation between the dependent and independent vari-
ables. Therefore, shoreline change was a significant
correlation coefficient. The satellite images show evi-
dence of physical changes in the river mouth open-
ings (joining into the sea) and the closing of the river
contact into the sea by the accretion. The orientation
direction of the river joining also conveys the sedi-
ment supply/exchange between the river water and
seawater.
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Fig. 4 a Estimations of different shoreline changes (erosion or »
accretion) detected at Ennore (zone 2) in Tamil Nadu, India,
between 1990 and 2022; b box plot of different degrees of
erosion and accretion at the Ennore (zone 2) in Tamil Nadu,
India, between 1990 and 2022 from LRR, EPR; ¢ box plot of
change from baseline in Ennore (zone 2) in Tamil Nadu, India,
between 1990 and 2022; d linear regression rate of shoreline
changes. Blue dot represents data points, blue line represents
line of regression, and red dashed lines represent the confi-
dence interval

Kovalam (zone 4)

Kovalam is a fishing village located about 30 km
south of Chennai City and lies within the districts
of Chennai and Chengalpattu. Zone 4 covers about
23.6 km long, with 236 transects between the Adyar
River south and Mutukkadu backwater joining the
Bay of Bengal. This coastal stretch the major anthro-
pogenic activities, not only within the Chennai City
limit beaches, namely, Elliot’s Beach/Besant Nagar
Beach, Thiruvanmiyur Beach, Palavakkam Beach,
and also many more public/private beach resorts,
family theme parks like VGP, MGM, etc. along with
the fishing communities in the continuous sandy
beach up to the mid of the Mutukkadu backwater
opening into the Bay of Bengal. Mutukkadu backwa-
ter joins with the Bay of Bengal at latitude 12°48'16"
N and longitude 80°14'56" E. But, the mouth of this
backwater close and led to the disconnection with
the Bay of Bengal during the non-monsoon period
because of the formation of sandy beaches. The sat-
ellite images of 1990, 1995, 2000, 2005, 2010, and
2015 show this zone 4 was devoid of hard coastal
engineering structures. But, the recent satellite
images of 2020 and 2022 show evidence of seawall
(latitude 12°48'58” N and longitude 80°14'5" E),
groins (latitude 12°4829"” N and longitude 80°14'52"
E), and training wall (latitude 12°4820" N and lon-
gitude 80°14'56" E) on the north of the Mutukkadu
backwater joining into the sea. This region was not
undergoing significant accretion or erosion (Fig. 6a).
Based on the findings, the highest shoreline accre-
tion rate was around 2.88 m/y (EPR) and 2.91 m/y
(LRR). The study also determined that the maximum
erosion rates were—1.14 m/y (EPR) and—0.51 m/y
(LRR), respectively. The average accretion rate along
the Kovalam coast was determined to be 0.91 m/y
(EPR) and 0.65 m/y (LRR) (Fig. 6b, Table S11). The
study of the shoreline change agrees with the findings

@ Springer
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Fig. 5 a Estimations of different shoreline changes (erosion or »
accretion) detected at Chennai (zone 3) in Tamil Nadu, India,
between 1990 and 2022; b box plot of different degrees of
erosion and accretion at the Chennai (zone 3) in Tamil Nadu,
India, between 1990 and 2022 from LRR, EPR; ¢ box plot
of change from baseline in Chennai (zone 3) in Tamil Nadu,
India, between 1990 and 2022, d linear regression rate of
shoreline changes. Blue dot represents data points, blue line
represents line of regression, and red dashed lines represent the
confidence interval

of Ayyappan and Thiruvenkatasamy (2018) for the
same place in the years 2017 and 2018. Since the
groins provide a barrier for transporting and deposit-
ing marine sediments, this researcher concludes that
the Kovalam shoreline has accreted as a consequence.
In 1990, the average baseline was 713.7 m. The mean
baseline was 717.5 m in 1995, 723.5 m in 2000,
731.1 m in 2005, 730.0 m in 2010, 719.7 m in 2015,
and 733.2 m in 2020 (Fig. 6¢, Table S12). Shoreline
accretion in 2022 and the existing shoreline’s position
is 743.0 m from the baseline. The least-square regres-
sion line was used to calculate the average annual rate
of change along the coast from 1990 to 2022. The R?
value for this analysis is 0.6366, p<0.01. (Fig. 6d,
Table S13). The R-squared values show a good cor-
relation between the dependent and independent vari-
ables. Therefore, the shoreline shift had a statistically
significant association coefficient.

Mahabalipuram (zone 5)

The Mahabalipuram is 55 km south of Chennai City
in the Chengalpattu district. This zone 5 extends
between the southern training wall of Mutukkadu
backwater to the Mahabalipuram shore temple,
about 21.5 km long with 215 transects. This zone
has a typical sandy beach with scattered rocky out-
crops along the Kovalam and Mahabalipuram coasts.
Moreover, this coast has a significant coastal ero-
sion protection structure of groins along the Nem-
meli desalination plant and the Tiger Caves. This
archaeological site was excavated by the 2004 Indian
Ocean Tsunami (IOT). For the most part, the sea-
shore at Mahabalipuram runs northeast to the south
west and south of Mahabalipuram. About 5 km
west of Mahabalipuram are the backwaters known
as the Buckingham canal, which has outlets/open-
ings into the Bay of Bengal in the Kovalam on the
north and Kalpakkam in the south. This zone was
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Fig. 6 a Estimations of different shoreline changes (erosion » presr—
or accretion) detected at Kovalam (zone 4) in Tamil Nadu, a B | incar Regression Rate |
India, between 1990 and 2022; b box plot of different degrees 8 o

of erosion and accretion at the Kovalam (zone 4) in Tamil
Nadu, India, between 1990 and 2022 from LRR, EPR; ¢ box
plot of change from baseline in Kovalam (zone 4) in Tamil
Nadu, India, between 1990 and 2022, d linear regression rate
of shoreline changes. Blue dot represents data points, blue line
represents line of regression, and red dashed lines represent the ;
confidence interval § Bay of Bengal

12450°N

not undergoing significant accretion or erosion
(Fig. 7a). This may be due to the absence of continu-
ous non-major anthropogenic activities, industries,
fishing harbours, ports, etc. The findings showed a
maximum shoreline accretion rate of about 6.18 m/y
(EPR) and 5.39 m/y (LRR). The maximum erosion
rate was—1.97 m/y (EPR) and—1.24 m/y (LRR).

Shoreline accretion was measured at an average rate b 87

of 0.65 m/y (EPR) and 0.63 m/y (LRR) at Mahaba- 61 T
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accrete through 2022 (Fig. 7c, Table S15). The least-
square regression line calculated the rate of change
along the coast from 1990 to 2022. The R-squared
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Fig. 7 a Estimations of different shoreline changes (erosion or »

accretion) detected at Mahabalipuram (zone 5) in Tamil Nadu,
India, between 1990 and 2022; b box plot of different degrees
of erosion and accretion at the Mahabalipuram (zone 5) in
Tamil Nadu, India, between 1990 and 2022 from LRR, EPR; ¢
box plot of change from baseline in Mahabalipuram (zone 5) in
Tamil Nadu, India, between 1990 and 2022; d linear regression
rate of shoreline changes. Blue dot represents data points, blue
line represents line of regression, and red dashed lines repre-
sent the confidence interval

Power Station. The Kalpakkam coastline runs in a
straight line from NNE-SSW direction. Major anthro-
pogenic activities were at the shore temple (remnants
of the historical Pallava dynasty) at Mahabalipuram
and the atomic nuclear power plant of Kalpakkam.
There is an inlet opening at (latitude 12°34'35" N
and longitude 80°11'5" E) the Kalpakkam and also
the Palar River join at (latitude 12°27'55" N and lon-
gitude 80° 9'10" E) the Bay of Bengal. This region’s
erosion, stability, and accretion rates are all about the
same (Fig. 8a). This coastal stretch also witnesses
non-major continuous anthropogenic activity and
also absence of fishing harbours, ports, etc. Accord-
ing to the findings, the highest rates of shoreline
accretion were around 5.78 m/y (EPR) and 4.12 m/y
(LRR). Maximum erosion rates were calculated to
be —5.99 m/y (EPR) and —5.06 m/y (LRR). The aver-
age erosion rates of the Kalpakkam coastline were
observed at—0.11 m/y (EPR) and—0.09 m/y (LRR)
(Fig. 8b, Table S17). Due to wave-induced longshore
currents and the dynamic coastal process, coastal
areas experience erosion and accretion at varying
rates along their seabeds (Cherian et al., 2012; Hegde,
2010). Low frictional energy loss during wave propa-
gation over a narrow shelf leads to increased coastal
erosion because the wave disperses energy along the
coast (Vinayaraj et al., 2011). In terms of influencing
the relative rates of erosion and accretion along the
coast, sediment movement along offshore is a crucial
process (Saravanan et al., 2011). The accretionary
nature of the coastline and beach-building activities
in front of the seawall assures protection from wave
impacts without seriously affecting the coastal ecosys-
tem (Deepthi, 2012). The mean baseline was 737.6 m
in 1995, 737.4 m in 2000, 732.5 m in 2005, 749.4 m in
2010, 721.0 m in 2015, and 741.5 m in 2020. The cur-
rent coastline is 732.1 m away from the baseline due
to coastal erosion in 2022 (Fig. 8c, Table S18). All
coastline points from 1990 to 2022 were fitted with a
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« Fig. 8 a Estimations of different shoreline changes (erosion

or accretion) detected at Kalpakkam (zone 6) in Tamil Nadu,
India, between 1990 and 2022; b box plot of different degrees
of erosion and accretion at the Kalpakkam (zone 6) in Tamil
Nadu, India, between 1990 and 2022 from LRR, EPR; ¢ box
plot of change from baseline in Kalpakkam (zone 6) in Tamil
Nadu, India, between 1990 and 2022; d linear regression rate
of shoreline changes. Blue dot represents data points, blue line
represents line of regression, and red dashed lines represent the
confidence interval

least-square regression line to generate an LRR. With
a value of 0.01469 (p>0.05), the study’s R? regres-
sion coefficient is statistically insignificant (Fig. 8d,
Table S19). Therefore, there is no statistically signifi-
cant relationship between shoreline changes.

Conclusion

The DSAS tool was used to identify shoreline
changes for the 32 years between 1990 and 2022
along the northern Tamil Nadu coasts of India using
the USGS Landsat satellite images of 1990, 1995,
2000, 2005, 2010, 2015, 2020, and 2022. The shore-
line was extracted using the ISODATA classification
system. Based on the USGS Landsat satellite images
and the extracted shorelines, DSAS tool was used to
generate 1054 transects, out of which 951 transects
were used to track changes in the shoreline positions
by LRR and EPR methods. The results displayed that
the maximum accretion rate was 23.24 m/year (EPR)
and 24.46 m/year (LRR), and the maximum erosion
rate was—11.15 m/year (EPR) and-12.24 (LRR)
observed at the northern coast of Tamil Nadu, India.
The results identified two regions with higher rates,
namely Kattupalli—11.15 m/year (EPR) and —12.24
(LRR) and Ennore—5.41 (EPR) and—7.00 (LRR).
These two coasts had been heavily populated, indus-
trialized, and impacted by man-made buildings while
also being subject to erosion. One of the key causes
for the influence changes in a coastal environment
might be the development of artificial structures
(ports, jetties, groins, seawalls, etc.) and the pres-
ence of a large population. In addition to the con-
tinuous natural wind, waves, swells, tides, currents,
coastal flooding, sea level rise, bathymetry, etc., the
increased anthropogenic activities (tourists, fishing,
etc.) amplify the shoreline changes along with the
increased disaster (cyclone) frequency within a year.
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Shoreline analysis using satellite remote sensing,
GIS, and in situ data will provide the required infor-
mation for basic to advanced scientific research. The
freely available digital satellite images of an area for
different long (seasonal, yearly, biannual, decades,
etc.) periods can be used to identify the frequently
changing location using the appropriate remote sens-
ing and GIS techniques.
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