Geographia Polonica
GEQGRAPHIA | 2025, Volume 98, Issue 2, pp. 121-147
’ ] https://doi.org/10.7163/GPol.0296

DZZIIN\N
/a4 N\ S

AS AL
SN\

l) INSTITUTE OF GEOGRAPHY AND SPATIAL ORGANIZATION
POLISH ACADEMY OF SCIENCES
www.igipz.pan.pl

www.geographiapolonica.pl

SEA LEVEL RISE EFFECT ON INHABITED RIVER-DELTAIC
ESTUARINE ISLANDS IN THE TROPICAL MONSOON
REGIONS IN THE INDIAN SUNDARBANS

Rituparna Acharyya'® ¢ Niloy Pramanick? @ ¢ Rishin Basu Roy® * Ma-
suma Begum® ¢ Arjan Basu Roy® ¢ Devsena Roychaudhury® ¢ Anasua
Pal® ¢ Anushka Chakraborty® ¢ Prasun Majumder®

"Faculty of Geographical Sciences
Kazimierz Wielki University
Plac Koscieleckich 8, 85-064 Bydgoszcz: Poland
e-mail: rituparna.acharyya@ukw.edu.pl (corresponding author)

2School of Oceanographic Studies “Directorate of Forests
Jadavpur University Government of West Bengal
Kolkata, West Bengal: India Kolkata, West Bengal: India

*Department of Environmental Science *Nature Mates-Nature Club
University of Calcutta Kolkata, West Bengal: India

Kolkata, West Bengal: India

Abstract

Coastal deltaic landscapes under tropical monsoon regions are sensitive to sea level changes exacerbated by
human interventions. In low-lying areas, rising relative sea level (RSL) and such interventions are intensifying
geohazards like coastal erosion and land subsidence. This study examines erosion and flooding risks in the
Sundarbans mangroves along the Bay of Bengal using statistical models - Endpoint Rate (EPR) and Shore-
line Change Envelope (SCE) incorporated in Digital Shoreline Analysis System (DSAS). “Patharpratima Block”
comprises thirteen estuarine islands, part of the delta formed via confluence of three rivers, the Ganges, the
Brahmaputra, and the Meghna. EPR and SCE were applied via geospatial modelling, and remote sensing to
evaluate coastal changes between 1990-2020. Results show the shoreline undergoes gradual to significant
changes due to fluctuating erosion and deposition, impacting local residents. Surendranagar and Dhanchi
were identified as the most vulnerable, followed by moderately vulnerable Lothian. With observed RSL rise,
shoreline dynamics were modeled using EPR and SCE to estimate past and future changes. Additionally, the
Sundarban Reserve Forest (SRF), the world’s largest mangrove forest, is at risk of disappearing. The region’s
population has increased, while total area has shrunk due to erosion. Urgent sustainable measures are needed
to prevent biodiversity loss and displacement of livelihoods into environmental refugees.
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Introduction

Coastal erosion refers to the removal and
redistribution of solid materials from the
coastline due to erosion and deflation caused
by coastal and tidal currents. (Prasad &
Kumar, 2014; Central Water Commission,
2016). Coastal erosion process involves with-
drawal of materials from the coast due to
supply imbalances and abrasion at the fore-
shore (Marchand, 2010). According to the
National Geographic Society (2020), coastal
erosion occurs from the gradual wearing
down of rocks along the shore due to waves
and currents. Short-term damage can result
from turbulent waves and currents without
significant coastal improvement. Coastal ero-
sion is commonly measured in cubic meters
per meter per year (m*m'year') or meters
per year (m-year”) for coastal degradation.
It affects over 80% of the world’s coastlines,
with erosion rates ranging from 1 cm-year”
to 30 mwyear” (Mangor et al., 2017; Nath et
al, 2022). Since the coastal environment is
diverse and constantly changing, it is more
difficult to determine the extent of erosion.
Thus, several factors affect coastal erosion,
such as increasing sea levels, wind, tide,
waves, storm surges, etc. Destructive waves
are primarily known for crashing off the land-
mass to induce degradation along the coast
(Geological Survey Ireland, 2020). While
heading to the shore, waves bear enormous
energy dissipated by breaking waves, gener-
ating tides, shifting water temperature, swirl-
ing sediments, turbulence, and heat (Mohr,
2001). When waves break and recede across
the coast, they create longshore movement
and accumulate sand (National Ocean Ser-
vice, 2020). The coastal area is also affected
by changing weather conditions such as wind,
currents, and tides (Smithsonian, 2020). There
are various kinds of temporal and spatial pat-
terns of coastal degradation (Cai et al., 2009;
Farquharson et al.,, 2018), can be categorized
temporally, e.g., prolonged erosion due to
Sea-Level Rise (SLR), river system disruption,
or decreased sediment flux (FitzGerald et al.,
2008; Cai et al, 2009). Rising sea levels
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could inundate terrestrial habitats and affect
estuarine and coastal freshwater systems
through increased tidal intrusions and salinity
levels. Consequently, coastal erosion is antici-
pated, leading to the landward displacement
of coastal habitats and the redistribution of
shallow intertidal and marine habitats (Paice
& Chambers, 2016).

“Shoreline” and “coastline” are often used
interchangeably, but they have distinct mean-
ings. “Coastline” refers to the sea-facing
boundary including land and water features,
while “shoreline” specifically denotes the line
connecting land and water (Mohan, 2005)
The complex land/water boundary line con-
necting contact points between land and
water bodies is called the shoreline (Nandi et
al,, 2016; Roberts, 2019). The coastline marks
the boundary where an island or continent
ends, known as the continental plate’s mar-
gin (Roberts, 2019). The shoreline position
changes due to factors such as river flow,
rising sea levels, geomorphologic alterations,
and seismic shifts (Scott, 2005). When mate-
rials are removed from the shoreline faster
than they are replenished, it causes shoreline
erosion, leading to the landward movement
of the shoreline (Central Water Commission,
2016). One of the primary causes of shoreline
erosion is wave action (Nehra, 2016), which
determines the shape and structure of the
shore. Wave action controls the movement of
sediment from estuarine and marine areas to
the shoreline through accretion (Inman et al,,
2005). When waves hit the shoreline at an
angle, they create a longshore current. The
tidal wave causes lower beach degradation
in the subtidal environment while the upper
level remains exposed with a specific struc-
ture (Cai et al,, 2009). Beaches are composed
of varying-sized sediments, from large rocks
to fine sand or mud, which are moved by
wave action (Columbia University, 2020).
Rising sea levels unequivocally impact weaker
coasts the most, leading to coastline retreat
(Committee on Climate Change, 2010).

The dynamics of sea, wind, waves, and
environmental changes can be intensified
via anthropogenic disruptions are among the
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main causes of erosion (Yincan et al,, 2017).
Anthropogenic activities often contribute to
coastline and shoreline changes (Nandi et al.,,
2016). Coastal regions are highly vulnerable
to human-caused disruptions such as popu-
lation growth, urbanization, tourism, dam
construction, industrialization, and pollution
(Sondi et al., 2008). Coastal areas with high
populations face various hazards like ero-
sion, flooding, and coral bleaching (Prasad &
Kumar, 2014). Due to excessive sand mining,
waves permanently alter the shape and struc-
ture of coastlines and shorelines as sand loos-
ens and moves out rapidly (Prasad & Kumar,
2014). In addition to sand mining anthropo-
genic activities like seabed dredging and
constructing coastal structures can trigger
profound alterations to the shoreline (Thakur
et al, 2021). In coastal areas, floodplains,
deltas, estuaries, and wetlands are forming
“River Deltaic Estuaries” (RDEs), which are
sensitive to aforementioned anthropogenic
operations and consequent climate change
(Li et al., 2011). RDEs are sediment accumula-
tion zones that are at risk of coastal erosion
due to decreased water flow and the pres-
ence of wetlands (Masselink & Russell, 2013;
Acharyya et al, 2023). Massive sediment
outflows from the estuarine reaches, and
resultant coastal erosion is affecting estuar-
ies worldwide (Ghosh et al,, 2014). Around
61% of the world’s population lives along
coastal margins; since RDEs are also heavily
inhabited, intensifying anthropogenic activi-
ties render them vulnerable to coastline and
shoreline erosion (Alongi, 1998). The runoff
and sediment outflux from the watershed
can cause significant erosion and changes to
nearby shorelines and coastlines (Acharyya
etal, 2023)

While a certain level of natural continuity
can be preserved in the coastal environment;
however increased human modification
decreases “naturalness” (Prasad & Kumar,
2014). With the increased release into the
atmosphere of carbon dioxide (CO2) and oth-
er greenhouse gases, global warming is esti-
mated to accelerate by about 3°C by 2030
(McSweeny, 2020). Over the upcoming few

years, this increase will increase global sea
levels by up to 5 meters, which is a brief peri-
od for the occupation of the coast by humans
(Oliver-Smith, 2009). Sustainable coastal
planning and engineering strategies provide
information about the shoreline’s current,
historical, and projected positions in long-
term. In coastal protection, this information
is essential for validating models, assessing
SLR, and identifying hazard zones (Oppenhe-
imer et al., 2019). GIS and Remote Sensing
have contributed significantly to shoreline
change analysis and monitoring (Kundu et
al, 2014). Remote sensing supports conser-
vation survey findings with cost-effective
and precise information, as satellite imagery
analysis demonstrates the effectiveness of
studying coastal processes. Future projec-
tions of shorelines are necessary for planning
purposes since they provide insight into the
rate at which the region is changing (Kundu
et al., 2014). Precise and integrated informa-
tion on past and present shoreline positions
is essential for potential shoreline predictions
(Nandi et al,, 2016). Different models can
be used to predict shorelines in a GIS-based
environment. These include the End Point
Rate (EPR) model, Shoreline Change Envelope
(SCE), Jackknife model (JK), Linear Regres-
sion model (LR), and Average of Rates (AOR).
These models can be evaluated using his-
torical data, enabling assessment of erosion
and accretion scenarios for shorelines along
water bodies (Maiti & Bhattacharya, 2009;
Mukhopadhyay et al., 2012). The EPR model
forecasts future shoreline positions based
on chronological change rate data, while
the LR model uses robust linear prediction
for shortterm adjustments and long-term
shoreline data (Nandi et al, 2016). Several
researchers used the EPR model to forecast
shoreline changes (Adarsa et al., 2012; Muk-
hopadhyay et al., 2012). Adarsa et al. (2012)
have estimated the rate of transition in the
shoreline position of estuarine Ghoramara
Island using the methods of EPR, LR, NSM
and cross-validation regression coefficient.
Both Kundu et al. (2014), and Nandi et al.
(2016) have employed application of DSAS
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part of the “Coastal Transition Hazards”
by USGS (Himmelstoss et al., 2018) to cast
a transect (xn) and calculate the changes
using the NSM method. The SCE provides
values in precise distance measurements
rather than rates like EPR. SCE calculates the
distance between shorelines along the tran-
sect, generating only positive values since
distance is inherently non-directional (Kundu
& Mandal, 2024). For this investigation, EPR
and SCE were selected as the most effective
statistical techniques for analyzing coast-
line and shoreline dynamics. Previous stud-
ies (Acharyya et al., 2023; Pramanick et al.,
2022) have demonstrated that both methods
effectively assess coastal changes over time
while requiring minimal input data.

The parameter of sea surface tempera-
ture (SST) considered in this study is mainly
attributed to its increase, due to the increase
in tropical cyclones encountered over the
Bay of Bengal over the last decade (Ghosh
et al., 2001; Hazra et al., 2016). SST data
obtained at various depths using various
equipment, including satellite infrared and
microwave radiometers, as well as anchored
and floating buoys and boats (Remote Sens-
ing Systems, 2020). The change in annual
mean SST over the Bay of Bengal from 1990
to 1998 was analyzed by Hazra et al., (2016)
using “NOAA AVHRR” data and was approx-
imately 0.8°C higher in 1998 than in 1990.
Due to observed climate changes, specifi-
cally warming associated with increased
sea surface temperatures (SST), there has
been an increase in sea level in the Bay of
Bengal. This increase was documented from
1993 to 2000 and has been assessed to esti-
mate sea surface height (SSH) using satellite
altimeter data from the TOPEX/POSEIDON
mission (Ghosh et al., 2018). SSH is also con-
sidered here and analyzed using an estimate
called Relative Sea Level (RSL). RSL refers
to the observed sea level in comparison to
a land-based reference frame or SSH, incor-
porating dynamic inputs from ocean circu-
lation and changes in the geoid relative to
the corresponding ellipsoid (European Space
Agency, 2020).
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This study assesses the coastal change of
the estuarine Patharpratima Block in West
Bengal’s Sundarban mangroves by consider-
ing the shoreline and coastlines from 1990-
2020 and evaluating the future scenario.
Multispectral satellite data from Landsat (TM
and OLI) between 1990-2020 has been used
to delineate coastlines and shorelines during
the same period and to assess the spatiotem-
poral change by incorporating the statistical
models EPR and SCE incorporated into DSAS
and to predict a future scenario based on
those models. Also, the evaluation consid-
ers the influence of SST, SSH, rainfall, atmos-
pheric temperature, vegetation, and popula-
tion on the spatiotemporal coastal dynamics
in the study area.

Study area

The study area, Patharpratima CD (Commu-
nity Development) Block in the Indian State
of West Bengal (88°38'-88°30" East; 21°38™
22°02' North) covers an area of 484.47 km?
and is part of the Ganges-Brahmaputra-
Meghna (GBM) Delta, bordered on the East
by Bangladesh, west by the Hooghly River,
south by the Bay of Bengal (Dhara & Paul,
2016; Mandal et al, 2022). Administro-
tively it is part of the Kakdwip sub-division
under the South 24 Parganas district, bor-
dered by the CD Block of Namkhana, Kak-
dwip, Mathurapur, and Kulpi (Dhara & Paul,
2016). As per the 2011 census, Parthapro-
tima Block had a population of 328,769 with
a density of 678 people/km? (Dhara & Paul,
2016). The predominantly rural area includes
92 inhabited villages, 33 on the mainland,
and the rest on a group of 13 coastal-estua-
rine islands (Mandal, 2021).

The study area (Fig. 1) includes the main-
land, Dakshin Gobindapur, and coastal-
estuarine islands, such as Lothian, Dhanchi,
Surendranagar, Patharpratima, Chotarakh-
sashali, Rakhalpur, Shibnagar, Paschim Sri-
patinagar, Bhagabatpur, and Maheshpur.
These islands are part of the RDE system of
the Indian Sundarban mangroves, located
in the lower part of the GBM Delta, formed
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by the confluence of the rivers flowing into
the Bay of Bengal (Dhara & Paul, 2016; Man-
dal, 2021; Rukhsana & Hasnine, 2024). To be
more specific, the study area lies within the
Hugli-Saptamukhi River-Dominated Estuary
(RDE) complex of the Sundarbans estuarine
system (Mandal et al., 2022), one of the most
dynamic ecological and geomorphological
regions of the lower Ganges-Brahmaputra-
Meghna (GBM) delta plain, situated at an
elevation of approximately 4 meters above
Mean Sea Level (MSL) (Dhara, 2019). Addi-
tionally, coastal islands in low-lying regions,
such as the GBM delta, are especially vulner-
able to flooding, storm surges, and severe
cyclones (Brown & Nicholls, 2015). As per
various studies, climate change has led to
more frequent and intense extreme weath-
er events and shifts in temperature and
precipitation patterns (Dube et al., 2006;
Ghosh et al., 2014; Hazra & Samanta, 2016;
Mukherjee & Siddique, 2018). Patharpra-
tima, has undergone substantial land rec-
lamation due to the development of rural
settlements, aquaculture, and agricultural
expansion causing removal of natural veg-
etation, particularly mangroves, as physi-
cal barriers against cyclonic disruptions
(Sreelekshmi et al., 2023). The study area
faced major setbacks due to highly severe
tropical cyclonic events such as Sidr Cyclone
(November 2007), Aila (May 2009), Bulbul
(November 2019), Amphan (May 2020), and
Yaas (May 2021), occurring 6-12 months
before landfall in the recent past (Bhattacha-
rya et al., 2014; Halder & Bandyopadhyay,
2022; Kar & Basu, 2023). These cyclonic dis-
turbances have compromised the physical
barriers provided by mangroves, which are
essential for maintaining the region’s shore-
line dynamics (Paul et al., 2024). Cyclonic
disturbances accelerate processes like
overwash (the flux of sediment and water
on the coast during cyclones) and coastal
erosion markedly (Paul et al., 2024). Coast-
al land degradation and saltwater intru-
sion have severely impacted agriculture,
fisheries, and livelihoods in the research
area. This study focuses on evaluating the
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changes in the coastline and shoreline of
the estuarine islands in the Patharpratima
Block due to these issues. Sidr damaged
24.1% of the forest, resulting in $142.9 mil-
lion in losses (Saadi, 2010). Aila destroyed
over 500 km? of agricultural land in West
Bengal, costing $26.3 million. Bulbul caused
approximately $3.4 billion in damages and
affected 3.5 million people (Basu, 2019).
Cyclone Amphan impacted 283 km? of
Sundarbans mangroves and flooded 12.3%
of southern West Bengal (Das et al.,, 2020).
Cyclone Yaas hit coastal West Bengal with
winds over 120 km/h, damaging 58.74 km?
of Pathar Pratima (Paul & Chowdhury, 2021).

Materials and methods
Data and software

In this study, the multi-temporary satellite
imageries of the various resolutions Landsat
TM and OLI/TIRS were employed (Tab. 1).
Landsat data for coastal areas are com-
monly used for their multi-temporal as well
as multi-spectral data capacities. According
to Table 1, Landsat satellite data were col-
lected over five years, from 1990 to 2020, to
establish a coherent framework for monitor-
ing the coastline and shoreline dynamics in
the study area. The chosen dates for acquir-
ing satellite datasets align with data avail-
ability, ensuring precision and quality criti-
cal for maintaining accuracy in the current
study’s analysis. In addition, data on shorter
intervals between 2015 and 2020 have
been selected, as this period aligns with the
increased frequency of cyclonic events that
affected the study area.

The study used an image processing
application for optical image analysis and
statistical analysis of DSAS within a GIS envi-
ronment. DSAS Version 4.5 with the geospa-
tial interface is crucial for providing detailed
regression statistics in a reproducible
manner applicable to large datasets (Him-
melstoss et al., 2018). The DSAS statistical
model with a geospatial interface uses tem-
poral trend analysis to measure the position
and geometry of past and current shorelines
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and coastlines. It offers the advantage of cal-
culating change rate statistics over a tempo-
ral series of coastline and shoreline positions in
coastline change research (Oyedotun, 2014).
In this study, DSAS was employed to study the
transition in coastline and shoreline and all
associated estimates linked to SCE and EPR
models. The appropriate inputs for the tool
include the vector formats of the coastline
and shoreline, the date, and the transect (xn)
length of the coastline and shoreline.

Table 1. Details of the Satellite datasets used for
the current study
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Methods
Data processing

Figure 2 shows a flow chart of all metrics
used in this study’s data. The study is covered
by satellite imagery of Landsat 5 TM and
8 OLI/TRS provided were rectified geometri-
cally, followed by radiometric corrections for
each satellite band. It takes two steps: Digital
Number (DN) data are translated into radi-
ance values, and then the radiation values
are turned into reflectance values.

Delineation

Automated shoreline and coastline deline-
ation, a process of significant complexity,
is challenged by the persistent presence of
a saturated water layer between the land
and water interface. This study used the Tas-
seled Cap Transformation technique to delin-
eate the shoreline and coastline. To ensure
precision in boundary assessment, we have
implemented a range of indices, including
NDVI (Normalized Difference Vegetation
Index), NDWI (Normalized Difference Water
Index), EVI (Enhanced Vegetation Index),

[ Population Data } [ Vegetation Indices J { MODIS ] AVISO

Satellite / Path / Date of
Sensor Row Acquisition
LANDSAT 5-TM 138/45 14.01.1990
138/45 28.01.1995
138/45 06.01.2000
138/45 07.01.2005
138/45 06.02.2010
LANDSAT 8-OLI 138/45 08.03.2015
138/45 11.01.2018
138/45 01.01.2020
( Radiometric Correction ]
( Tasseled Gap Transformation ) I\Nﬁg‘:\”
A
[ Shoreline and Coastline Extraction ] [ Bassline Creation J
Field Validation ( Cast Transect )
( Change Rate Measurement Calculation )
In-Situ Data
(Shore Profiles)
Delineated 2020 Shoreline
RMSE Error Calculation

Error Adjustment

Predicted
2030 Shoreline

[ Population Growth } [Vegetaliun Heath

) 1) &0

[ RISK

Figure 2. Flow chart showing methodology of the current study
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AWEI (Automated Water Extraction Index),
and MNDWI (Modified Normalized Differ-
ence Water Index). Subsequently, strips of
selected imageries were extracted along the
coastlines and shorelines to convert them
into binary images.

Automated coastline and shoreline deline-
ation is a dynamic process due to the pres-
ence of water-saturated zones at the land-
water boundary (Maiti & Bhattacharya,
2009). Here, the technique of Tasseled Cap
Transition for coastline/shoreline extraction,
which has been employed by Huang et al.
(2002) derived from EROS (Earth Resource
Observation and Science), the coefficients
for converting the Tasseled Cap Landsat
data. The processed images (listed in Tab. 1)
show the persistent positions of the coastline
and shoreline, tracked progressively over
eight periods within the 5-year intervals
(1990-2020), as indicated in Table 1. The
binary raster imagery is then converted into
a dataset for the vector, outlining the bor-
ders of the coastlines and shorelines in the
study area.

Method of casting transect from
baseline

This technique is primarily based on statistics.
Before constructing the transect, a solitary
baseline is formed, each from the coastline
and shoreline. There are two primary base-
line delineation methods: buffering method
and baseline creation from a certain distance
(Nandi et al., 2016). The buffer technique is
the most precise and accurate way to limit
baselines since it takes the same sinuous
form as the neighboring shoreline (Nassar
et al, 2019). The DSAS software’s baseline
measurement includes attribute fields that
provide essential information about the tran-
sect order and the baseline location for the
coastline and shoreline. The baseline is calcu-
lated at a buffer distance of 1000 m offshore
from the nearest coastline and shoreline of
the study area. Thus, for different years under
study, the transect lines have been cast
orthogonally from the coastline as well as the
shoreline.
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Shoreline and coastline change rate
assessment methods

In this study, two main statistical models, the
EPR (End Point Rates) and SCE (Shore Change
Envelope), have been used to calculate the
change rate in the coastline and shoreline of
the islands of Patharpratima Block.

The EPR is calculated by dividing the dis-
tance between the previous and current
positions of coastlines/shorelines by the time
interval between them. The EPR for the study
region is computed using equation 1, which
has also been used in earlier studies (Bheeroo
et al., 2016; Pramanick et al., 2022; Achar-
yya et al, 2023; Hasanuzzaman et al., 2023)
which is as follows:

S,=f-f/n (1)

where:

S_ = annual bank line change rates (meteryear™);

f = distance (in meters) between the created
baseline and coastlines/shorelines of the
earliest date (x );

fy = distance (in meters) between the current
coastlines/shorelines and the earliest date’s
coastlines/shorelines;

n = number of years between the study’s earli-
est date and the recent date.

SCE is usually determined as the interval
between the coastlines or shorelines that are
furthest and closest to the baseline (Praman-
ick et al., 2022; Acharyya et al., 2023). Using
SCE, the positions for each transect indicate
the cumulative variances in coastline/shore-
line movements. Equation 2 shows the SCE,
which is expressed as:

S,—d.-d. 2)

where:
S, = coastline/shoreline change distance (m);

d, = distance from the created baseline to the
farthest coastlines/shorelines at a particu-
lar transect (x );

d = distance between baseline and closest

coastlines/shorelines at the at a particular

transect (x ).

f
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Then prediction assessment in DSAS is
also executed using Equations (3-5)
Sp=58 L+, (3)

pn
n

S, = shoreline/coastline position for considered
time intervals ().

Then Equations 4 is used to estimate the
slope (s) by calculating the change in the
position of the shoreline between the oldest
shoreline position (f ) during the earliest con-
sidered time interval (t ) and the most recent

time interval (ty).

o™h
<Th

pn

S
~r

(4)

Following the slope’s derivation, the dis-
tance between the closest and furthest shore-
line positions from the baseline, designated
as intercept (7,) is computed using Equation 5.

pt="f ~(s-t)=f ~(s-t) 5)

The baseline, i.e. intercept (/'pt), is consid-
ered constant until the future time interval
denoted as Tf, based on the future location of
the shoreline (f) is projected from the young-
est shoreline position (fy) at t, using Equa-
tion 6, which is estimated via reformulation
of Equation 4.

f=st-t+i, (6)

Calculation of net areal change

This method delineates the accretion and ero-
sion zones and calculates the spatial changes
in the Patarpratima block’s islands. In GIS
environment, the spatial analysis examined
the islands’ spatial for specific years by cre-
ating polygons along their borders to deter-
mine their areal extent. The islands’ net
aerial change and erosion are computed
from 1990 to 2020 as a result of overlay
techniques, wherein two coastlines are linked
with the “union” overlay operation. Thus, the
distribution of areas that underwent erosion-
accretion has occurred along the shoreline
and coastline is estimated using the created

polygons. The vector dataset is converted
into a raster dataset for aerial change calcu-
lations using a 10-meter grid size.

Estimation of sea surface height

The global dataset from AVISO (https:/
www.aviso.altimetry.fr/) from 1990 to 2020
provides delayed-time anomaly graphs for
the Sea Surface Height (SSH) Anomaly. The
dataset has a resolution of 0.33° * 0.33° and
is sampled every seven days. To incorporate
measurements of mean sea level fluctuation,
we have utilized the same SSH anomaly data-
set (13.a) from a multi-satellite altimeter pro-
vided by AVISO (CNES, 2020) in this study.

Estimation of sea surface temperature

The estimation of Sea Surface Temperature
(SST) between 1990-2015, is retrieved from the
MODIS-Aqua (Vermote, 2015), involves using
thermal infrared data and the splitwindow
method. Sarangi & Devi (2017) used observa-
tional correlation to retrieve SST, thus follow-
ing the same, the databases (CNES, 2020) are
imported into a GIS framework to generate
the SST scenario depicted in graph (13.b).

Results

The process of vectorizing data from raster
images enabled the identification of altera-
tions that transpired within the study area’s
limits of the shorelines and coastlines (Fig. 3).
The positions of coastlines (Fig. 3A) and shore-
lines (Fig. 3B) during different years of the
study period (1990-2020) have been deline-
ated as mentioned above. Since the coastline
and shorelines overlap, their differences can
be observed in Fig. 3(A) and 3(B). The coast-
line is defined by the sea-facing edges, while
the shoreline includes both the exterior sea-
facing edges and the interior river bank lines.
According to Figures 4 and 5, erosion and
accretion rates have been varying between
1990 and 2020 along the coast of the
Patharpratima block’s estuarine islands. The
transect-wise coastline and shoreline change
rate plotted graphs illustrate the EPR in both
positive and negative values.
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Figure 3. The estuarine islands of the Patharpratima Block: A - Coastline positions surrounding islands
in the study area between 1990-2020; B - Shoreline positions around islands in the study area between

1990-2020

The estimated graph’s initial right sec-
tion shows substantial coastline erosion
rates, reaching -56.26. The rate of sequen-
tial erosions and accretions has changed in
the graph’s central section. Compared to
the first portion of the graph, the erosion
rate in the middle section is slightly lower
but more significant than the accretion rate.
The mean EPR value of the graph in Figure 4
is -0.44. At the right end of the plot, the
accretion rate is exceptionally high, reach-
ing 21.19 to the EPR’s overall approximation
curve at this portion.

In the coastline’s curve computation, the
EPR plot is substantially denser than the EPR
plot for the shoreline. Thus, Figure 5 shows
the EPR plot of the entire shoreline of the
study areaq, indicating a more or less fluctu-
ating rate of erosion and accretion. There is
a fluctuation between the consecutive ero-
sion and accretion rates in the plot’s initial
left section. Due to the overlap in the coast-
al zone between shoreline and coastline,
the coastline erosion rates have reached
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-56.26, the same rate as the shoreline ero-
sion rates. There was a high rate of coastline
accretion in the same section, up to 27.68,
which is higher than the shoreline accretion
rate. The middle section of the plot exhibits
a relatively lower erosion rate and a higher
accretion rate. This is clearly evident in the
right end of the plot, where the accretion
rate surpasses the erosion rate. Neverthe-
less, both erosion and accretion rates and
intensities are lower than in the first section
within this particular section of the entire
EPR calculation curve.

Table 2 displays the data derived from the
study area’s shoreline and coastline measure-
ment curves. In the case of coastline, where
the mean value of EPR is -0.44, the highest
and lowest values of EPR are -56.6 and 21.19.
In the case of shoreline, the mean value of
EPR is 0.36, and the highest and lowest
values are -56.6 and 27.68.

The EPR values for the coastline and
shoreline in the study area are depicted in
Figures 4 and 5. These values are also shown
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Figure 5. Endpoint rates calculation curve depicting deposition, and erosion of the study area’s shoreline

on a map of the Patharpratima Block in Fig-
ure 6. Figure 6 outlines the segments and
extent of erosion along the coastlines and
shorelines, depicting extreme, moderate,
and minimum scales of erosion. The erosion
levels along Surendranagar and Dhanchi
range from intense to extreme (-10.34 to
-56.26), as indicated by deep green (intense)
and deep blue (severe) transect lines in Fig-
ure 6(A). Moderate erosion (1.34-10.34) is
evident on the shoreline across the southeast
of Bhagabatpur and Patharpratima, east of
Paschim Sripatnagar, and Dhanchi of Pathar-
pratima, denoted by bright green transect
lines. Marginal erosion (21.19-5.90) occurred
along the east of Rakhalpur and southwest of
Bhagtpur and Patharpratima. In the entirety
of the study areq, including the maximum
portions of the shoreline, a moderate level
of erosion is depicted in fluorescent green in
Figure 6(B).

Table 2. Statistics of shoreline and coastline
changes in EPR

EPR Coastline Shoreline
Maximum -56.26 -56.26
Minimum 21.19 27.68
Mean -0.44 0.36

Shoreline change envelope

The SCE model in this study measures the dis-
tance from the nearest shorelines to a base-
line across each transect. It also records
collective changes in coastal movement and
considers the coastline and shoreline move-
ment rate relative to the baseline position.
Figure 7 depicts the distance between the
furthest and nearest shorelines and coast-
lines, showing the shift from 1990 to 2020
in the research area. This illustrates the
change over the study area during this time.
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The maximum shift has been observed in the
southern region ranges between 872.58 and
11,685.77 meters, as depicted by the red tran-
sects. While, minimal transition (0.30-84.6 m)
is seen along most coastline regions. Moder-
ate changes in coastline (210.95-872.58 m) is
observed in the southeastern and eastern edg-
es of Surendranagar, Dhanchi, and Rakhalpur
in Figure 7 (B). Lastly, minimal coastline transi-
tion is noted in the southern and southwest of
Patharpratima, Bhagabatpar, and the west of
Surendranagar in Figure 7 (B).

Areal extent of erosion

The study area’s change in land area due
to erosion or deposition between 1990 and
2020 was analyzed using spatial analysis
within a GIS framework. Table 3 shows the
changes in land area due to erosion and
deposition along the shoreline and coastline
during this period. The analysis was further
divided into specific time intervals to assess
erosion and deposition separately. Over the
entire period, there was a total erosion of
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1169.29 hectares (ha) and a total deposition
of 1100.59 ha along the shoreline. Deposition
was greater than erosion except for the peri-
od between 1990 and 2000 and 2010 and
2020. The coastline experienced more ero-
sion (2252.89 ha) compared to the shoreline
over the same period.

Similarly, there has been more significant
deposition (1973.42 ha) along the coastline
than the shoreline. However, as per table 3,
the time intervals when the level of erosion
exceeds the deposition level or vice versa are
not common between the shoreline and coast-
line of the study area. Between 2005 and
2010, the shoreline encountered more depo-
sition (248.54 ha) than erosion (245.83 ha),
while across the coastline, erosion (355.14 ha)
outweighed deposition (343.68 ha). Then,
from 2018 to 2020, the shoreline was affect-
ed by greater erosion (71.89 ha) than depo-
sition (63.34 ha), although, across the coast-
line, there has been slightly more deposition
(164.86 ha) than erosion (163.30 ha).

In order to evaluate the cyclic erosion and
deposition occurring across the coastlines
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study area during 1990-2020

Table 3. The year-wise extent of erosion and deposition along the coastline and shoreline of the study
area. The red colour depicts higher erosion than deposition and the green colour depicts vice-vers

Coastline Shoreline

Duration erosion erosion | deposition | deposition | erosion erosion | deposition | erosion

(ha] [%] [(ha] (%] [ha] (%] (ha] (%]
1990-1995 278.42 17.26 116.37 10.57 386.19 13.99 236.31 11.97
1995-2000 525.21 32.57 130.32 11.84 859.81 3115 261.43 13.25
2000-2005 197.62 197.62 258.63 23.50 344.33 12.47 414.8 21.02
2005-2010 245.83 245.83 248.54 22.58 355.14 12.86 343.68 17.42
2010-2015 184.34 11.43 183.52 16.67 354.16 12.83 352.22 17.85
2015-2018 109.43 6.79 99.86 9.07 297.59 10.78 200.13 10.14
2018-2020 71.89 4.46 63.34 5.76 163.3 5.92 164.86 8.35

and shorelines, particular estuarine islands
(Dhanchi,  Surendranagar, Patharpratima,
Rakhalpur, Paschim Sripatinagar, Bhagabat-
pur) of the Patharpratima block have been
considered separately because they have
sea-facing land interfaces known as coast-
lines. Then, to assess the erosion and deposi-
tion mechanisms across the shorelines, all of
the islands (Lothian, Dhanchi, Surendranagar,

Patharpratima, Chotarakhsashali, Rakhalpur,
Shibnagar, Paschim Sripatinagar, Bhagabat-
pur, Maheshpur) in the study area have been
taken into consideration since the shorelines
cover both the coastline as well as the inward
estuarine margins and river banks. The bar
diagrams illustrated in Figure 8 highlight the
changes in areal extent due to erosion and
deposition along the coastline of the estuarine
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islands  between 1990-2020. The most
severe erosion occurred at Surendranagar
(646.44 ha), followed by Dhanchi (384.85 ha)
and Bhagabatpur (210.23 ha). Minimal ero-
sion was noted at Patharpratima (122.25 ha)
and Rakhalpur (93.69 ha). Maximum depo-
sition occurred at Rakhalpur (350.46 ha),
and moderate deposition was observed at
Bhagbatpur (242.51 ha) and Surendranagar
(229.21 ha). The least deposition was found
at Dhanchi (92.46 ha) and Paschim Sripatina-
gar (63.69 ha).

Figure 9 illustrates the changes in the are-
as impacted by erosion and deposition along
the shorelines of the islands from 1990 to
2020. The most significant erosion occurred
in Surendranagar (780.44 ha), followed by
Dhanchi (460.65 ha) and Lothian (353.74 ha).
Bhagabatpur experienced a moderate level
of erosion (243.38 ha), while Maheshpur
(176.35 ha), Patharpratima (153.93 ha), and
Shibnagar (140.97 ha) underwent less erosion.
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Chotarakhsashali had the least erosion
(60.74 ha). During the same period, Rakhal-
pur experienced the highest deposition
(365.46 ha), followed by Lothian (322.58 ha).
It is observed that shoreline of Lothian Island
is undergoing a significant and dynamic cycle
of erosion and deposition, driven by intense
tidal activity. Chotarakhsashali experienced
minor deposition (39.51 ha), followed by Pas-
chim Sripatinagar (65.65 ha) and Dhanchi
(93.66 ha). The similar observations on broad-
er scale regarding increasing coastal vulnera-
bility of Pathapratima block due to tide-water
encroachment has been mentioned in the
study by Dhara & Paul (2023).

The gradual erosion and accretion in
Patharpratima Block, as illustrated in the
clear and informative Figure 10, have provid-
ed a visual understanding of the changes that
occurred across the study area’s shoreline
and coastline between 1990 and 2020. The
erosion has resulted in an aerial depletion
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of 2760.51 ha compared to accretion, which
has led to an accumulation of 1973.42 ha.
The total change in the Patharpratima Block
study area from 1990 to 2020 has been
789.092 ha, i.e. 7.89 km?.

Validation of shoreline using
the shore profiles

The results of the analyses have been validat-
ed by the incorporation of shore profiles and
shorelines acquired through field study. The
shore profile, also known as the beach profile,
depicts the depth of the shoreline from the
land into the water. A “shore profile” is a cross-
section of a coastline drawn perpendicular to
the coast’s shape, including the edge of a cliff
or sea wall, the backshore, the foreshore,
and underwater areas close to the shore
(McCracken, 2011) This method is used to ana-
lyze coastal erosion, accretion patterns, and
assess beach recovery after a storm surge. In
this study particular shore profiles have been
obtained from the study area’s coastal zones
via field survey to validate the current position

of the shoreline and evaluate the erosion and
accretion patterns that prevailed all along the
coastline/shorelines. Then, satellite imagery-
derived shoreline has been incorporated to
validate the current tidal datum-based shore-
line location on mean sea level using GIS and
remote sensing techniques.

Figure 11 displays a map showing the
shoreline derived from satellite data and
graphs of in-situ shore profiles based on field
measurements. The shore profiles are catego-
rized into erosion and accretion, as shown in
Figure 11. The line graphs under the erosion
category indicate an undercut coastal zone
induced by wave erosion with uneven slopes
and abrupt patterns. In contrast, the line
graphs under the accretion category show
a gentle and smooth pattern, indicating estu-
arine zones undergoing the process of accre-
tion or deposition. The shore profiles depict
erosion and accretion mechanisms at differ-
ent locations along the study area’s shoreline.
The shore profiles obtained from Surendrana-
gar and Paschim Sripatinagar indicate deep
undercutting due to wave-induced erosion.
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Bhagabatpur’s profiles show a mix of erosion
and accretion mechanisms, while Rakhalpur’s
profile reflects a moderate slope with few
undulations, indicating accretion. From the
estimated shore profiles, it can be inferred
that there has been a dual mechanism of ero-
sion and accretion throughout the shoreline,
as further detailed in the following section
of the current study.

Predicted outcomes

The End Point Rate (EPR) model is an effec-
tive method applied in the current study to
forecast changes in the study area’s shoreline
based on the change rate over time. In this
analysis, the EPR model has been used for
predicting the positions of shoreline in 2030
based on the year 2020 (Fig. 12). As men-
tioned previously, the total change in the
Patharpratima Block from 1990 to 2020 has
been 789.092 hq, i.e. 7.89 km?.

Figure 12 depicts the predicted shoreline
for 2030, which is determined by using the
EPR prediction model expressed mathemati-
cally in Equations 3-6 (Awad & El-Sayed, 2021).
The map in Figure 12 predicts that the shore-
line and coastline will shift by 2030. It shows
that erosion has caused significant retreats
along the estuarine islands of Patharpratima
Block, especially along the southwestern
and western margins of Surendranagar and
Dhanchi. The eastern and western parts of
Lothian and the eastern coasts of Bhagabat-
pur, and Paschim Sripatnagar have also expe-
rienced negative changes due to erosion, as
illustrated in Figure 12. Additionally, the north-
eastern and southeastern parts of the island
will undergo significant shifts between the
2020 shoreline and the predicted 2030 shore-
line. There have been positive changes along
the northern and southern margins of Pathar-
pratima and Bhagabatpur, resulting in a slight
deposition and a more positive change in the
estimated 2030 shoreline compared to 2020.
Based on these findings, it can be concluded
that if the current rate of change remains
constant, the shoreline will correspond to the
predicted 2030 shoreline shown in Figure 12.

Discussion

Compared to previous studies conducted
on Patharpratima regarding coastal ero-
sion (Chakraborty & Adhikary, 2014; Dhara
& Paul, 2023; Samanta, 2018; Sreelekshmi et
al., 2023), which assessed the erosion/accre-
tion scenario of the coastline and shoreline
as separate entities, this study also predicted
the future scenario of the shoreline. Accord-
ing to the projected outcome (Fig. 12), it is
anticipated that there will be a further shift
in the location of the shoreline by 2030. The
estimated 2030 shoreline for the estuarine
islands of Patharpratima Block reveal signifi-
cant retreats, with the majority of the study
region’s shoreline experiencing extreme ero-
sion, as depicted in Figure 10 (B).

The study’s findings indicate that between
1990 and 2020, extensive erosion took place
along the southern margins of the shoreline
on the islands of Surendranagar and Dhanchi.
Additionally, as shown in Figure 10 (B), moder-
ate to slight erosion has occurred along the
interior margins of the shoreline to the north
and northeast of Bhagabatpur, as well as to
the west and south of the mainland, south-
east of Maheshpur, and in Shibnagar. Several
factors that have contributed to the negative
change along the coastline and shoreline are
considered in this study, including sea surface
temperature, sea surface height, atmospher-
ic temperature (Fig. 14 A), mangrove health,
and precipitation. Sea surface temperature
(SST) is the primary indicator of weather and
climate in this study, and its monthly trend in
the Bay of Bengal was evaluated for the peri-
od 1981 to 2015. According to Figure 13(A),
the SST ranged from 25.4°C to 32°C during
1981-2015, indicating an increase in SST vari-
ability. The average SST was 28.36°C from
1981 to 1995 and 28.75°C from 1996 to
2015, representing a 0.4°C rise over the last
two decades. This significant increase in SST
has adverse effects on aquatic life and neg-
atively impacts the health of the mangrove
ecosystem in the Sundarbans region. The
heightened SST has led to more frequent and
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Figure 12. Shoreline of 2020 and predicted shoreline of 2030 using EPR

intense cyclones in the Sundarban Biosphere
Reserve. The observed increase in annual
mean SST over recent decades supports the
likelihood of rising SSH. The SSH ranged from
-19 mm to 28 mm from 1993 to 2014, indicat-
ing a growing sea surface height anomaly in
recent decades. The annual mean SSH in the
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study area was 3.06 mm from 1993 to 2014
and increased to 4.94 mm from 2004 to
2014, reflecting a substantial rise of 1.88 mm
in recent years. This swift rise in sea level
results in more erosion than accretion along
the coastline and coastline, posing a threat to
the health of the study area’s mangroves. This
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Figure 13. Sea Surface Temperature (A); Sea Surface Height (B) across study area

Source: CNES (2020); NOAA (2019).

increase in SSH is primarily responsible for
the submergence of Lohachara and Suprib-
hanga, situated west of the Patharpratima
Block. In addition to sea surface temperature,
the study also considered the atmospheric
temperature (1990-2019) in the study area.
The average annual temperature range in
1990 was 26.2°C, and it increased to 26.9°C
in 2019, indicating a significant 0.7°C rise
in mean air temperature over the 29-year
period. This temperature trend has the poten-
tial to intensify cyclones and lead to more

powerful storm surges. From 1990 to 2020,
the annual rainfall has shown significant
variability, ranging from 223146 mm to
738.22 mm. The average rainfall between
1990 and 2010 was 1794 mm, and it
decreased to 1558 mm between 2010 and
2020. This decline in annual rainfall over the
past decade, as shown in Figure 14(B), is likely
to increase mangrove salinity levels, affecting
fertility, seedling survival, and overall man-
grove diversity. These environmental changes
could contribute to a decline in the mangrove
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Source: NASA Power.

region (Sandilyan, 2015). Thus, salinization of
the low-lying region of Patharpratima due to
tidal intrusion is causing river bank erosion,
a phenomenon also observed in the study by
Chakraborty and Adhikary (2014).

Apart from these environmental factors,
the total population of Patharparatima (1981-
2021) has been considered a factor for this
study. Figure 15 illustrates a line graph show-
ing an upward population curve, showing
that the human population in the study area
increased from 197,686 in 1981 to 331,823 in
2011. This trend highlights a crucial between
the growth and density of the human popula-
tion and the loss of mangrove coverage in the
Indian Sundarbans. The exponential increase
in the number of people living near mangrove
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areas, along with the growing demand for
resources, has resulted in significant deforest-
ation and degradation of these ecosystems.
The local communities often exploit these
ecosystems for agriculture, aquaculture, and
other means of livelihood (Uddin, 2018). The
degradation of mangroves can lead to the
significant release of carbon dioxide (CO2)
that is stored within them. Since mangroves
are among the most carbon-rich forests in the
tropics (UN-DESA, 2020), their destruction or
degradation can contribute to climate change
by allowing this greenhouse gas to enter the
atmosphere. (Uddin et al,, 2023).

Conversely, the loss of these ecosystems
intensified climate change impact, increasing
the severity and frequency of storm surges
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and cyclones, resulting in the loss of man-
grove buffer zones and displacement of liveli-
hood. Climate change has altered the mon-
soonal precipitation patterns, driven SLR, and
significantly increased SST (Fig. 13A), posing
a serious threat to the region under study
(Datta et al., 2024).
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Figure 15. The population size of the study area
between 1981-2021

Source: WorldPop, 2018.

Considering the significant role that man-
groves play in coastal erosion, it is essential
to include the health of vegetation in this
study. The health of mangrove vegetation
from 1990 to 2020 can provide insights into
the effects of various factors on the existing
mangrove habitats in the area under inves-
tigation. Figure 16 shows mangrove health
in the study area from 1990 to 2020 using
NDVI values in a line graph. NDVI, derived

0.63
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0.61
0.60
0.59
0.58

0.57

0.56

from the R(Red) and NIR band on the EM
(Electromagnetic) spectrum, known as NDVI,
can depict biomass or greenish level. NDVI
values range from -1 to +1, but the values
that indicate the mangrove health range
between +0.1 and +0.7. As per Figure 13,
the fluctuating nature of mangrove health
can be observed between 1990 and 1995,
mainly because of the fluctuating level of fac-
tors mentioned above (rainfall, temperature,
SST, SSH). The mangrove health ranges from
lesser to moderately vulnerable. The line in
Figure 16 represents the NDVI value, which is
curved further downward by 2000, indicating
deterioration in mangrove health; again, the
line curved upward between 2005 and 2010,
indicating enhanced mangrove health. After
2010, the line has curved further downward,
indicating further deterioration in mangrove
health, posing a higher vulnerability.

Furthermore, despite the decrease in the
area of Patharpratima, itis crucial to note that
the area is protected by 249 km of embank-
ments along rivers. These embankments are
of critical importance for safeguarding lives
and protecting crops from daily tidal effects,
monsoonal flooding, and storm surges (Dha-
ra & Paul, 2016). However, if this situation of
coastal erosion persists, it will undoubtedly
lead to significant risks in the near future

As mentioned above, mangroves are natu-
ral barriers against extreme weather and
coastal erosion; however, their decline, as
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Figure 16. Mangrove vegetation health in Patharpratima Block
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evidenced in the Figure 16, has worsened ero-
sion, resulting in loss of livelihoods. Hence, the
Sustainable Development Goal (SDG) 11, aim-
ing towards an inclusive, protected, resilient,
and sustainable community, must be achieved
with a focus on conserving the mangroves
of the Sundarbans (Livelihoods Funds, 2020).
Restoring and protecting these ecosystems
is essential for improving resilience against
coastal erosion and the impacts of climate
change. Therefore, to control erosion along
the coastline, and shoreline it is imperative
to enhance the health of coastal mangroves
and expand vegetative cover on the islands of
the Patharpratima Block. This can be achieved
through ground plantation, including the
planting of mangroves, Caesarians, and bam-
boo. The robust growth of trees and shrubs
on the river banks not only regulates the flow
rate, but also the velocity distribution within
the river’s profile. Woody vegetation along all
coastlines in natural river systems does not
hinder floodwater drainage, as there is ample
space in the river corridor to manage heavy
runoff effectively. These efforts are key to
achieving SDG 13 (Climate Action) and SDG
14 (Life Below Water), as they can enhance
climate change resilience and strengthen eco-
nomic support for local communities (UNRIC,
2022).

Conclusion

The research was conducted using advanced
computational techniques on multi-resolution
satellite data to extract detailed informa-
tion about the shoreline and coastline of the
islands located in the Patharpratima Block.
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