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Abstract—Over the past century, anthropogenic activities have
had a significant impact on low-lying deltas. In this article, we
utilized Landsat satellite images and sea-level data from the past
thirty years to analyze the effects of land use/land cover (LULC)
change, vegetation cover, and terrain temperature distribution on
the Sundarbans delta. Anticipated LULC change has been simu-
lated using a cellular automata algorithm coupled with an artificial
neural network for 50 years into the future, considering climate
change and other ecological drivers. The results of our analysis
show that the thick, dense mangrove coverage in the Sundarbans
has decreased from 65% in 1970 to 59% in 2020. However, the
intricate network of channels has increased in width, and their
coverage increased from 33% to 43% between 1990 and 2015.
The simulations for 2030–2050 show that the mangrove cover-
age is expected to decline from 63.5% to 56.7% (a decrease of
628 km2), while the total area of waterbodies will increase from
33.9% to 39.8%. By 2080, we predict that the mangrove coverage
will decrease by about 269 km2, the waterbodies will increase
by 159 km2, the built-up areas will increase by approximately
3.89 km2, and the barren areas or beaches will cover 371 km2

(3.9% of the total area). For the simulation of 2100, we predict that
the mangroves will decrease by approximately 48% (4511 km2).
The waterbodies will increase to 45%, while the built-up areas and
barren beaches will reach up to 117 and 517 km2, respectively.
There has been an increase in sea level in the Sundarbans by an
average of +17.3, +9.6, + 6.1, +0.6, +1.6, and −4.01 mm/year at
Khepupara, Charchanga, Hiron Point, Dladia, Diamond Harbor,
and Sagar, respectively. The findings of this article can assist the
Bangladesh and Indian governments and policymakers in develop-
ing optimal land use plans and implementing successful mangrove
forest management and conservation plans in the future.

Index Terms—Cellular automata algorithm coupled with an
artificial neural network (CA-ANN), land use/land cover (LULC),
QGIS, sea level rise, Sundarbans delta.

I. INTRODUCTION

THE Sundarbans delta is a low-lying, dense mangrove for-
est, a natural coastal wetland shared by Bangladesh and
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India [1], [2]. Over 10 000 km of navigable tidal creeks ranging in
size from a few meters to several kilometers crisscross the com-
plex network of estuaries and islands within the delta [3]. The
region’s dynamic physiochemical conditions support a diverse
range of flora and fauna, including extensive halophytic man-
groves, making it a distinctive and ecologically rich environment
[4]. This deltaic mangrove forest contains around 300 species
of plants and 425 species of animals, including the endan-
gered royal Bengal tiger, the Irrawaddy dolphin, crocodiles, and
many other mangrove species [5]. It provides over 12 million
people living nearby with ecosystem services, such as fish-
eries, forest products, climate regulation, water purification,
ecotourism, erosion and flood control, and more [6], [7]. This
deltaic forest serves as a nursery ground for aquatic species,
protects coastal communities from natural disasters, stabilizes
sea-land interactions, stores blue and sediments increases soil
nutrients, and absorbs and removes pollutants before they enter
the marine environment [8], [9], [10], [11]. The mangrove forest
also reduces carbon dioxide emissions and is very effective in
carbon sequestration. In addition to food, traditional medicine,
firewood, and building materials, they help promote and sustain
local biodiversity [9], [10].

The Sundarbans delta is primarily stable and of recent ge-
ologic origin, formed due to sediment deposition from the
Ganges, Meghna, and Brahmaputra rivers, as well as numerous
channels, creeks, and rivers in the Bengal basin, resulting from
thousands of years of geomorphologic changes, tectonic move-
ments in northwest Punjab, and the flow of the Ganges known as
the Padma in Bangladesh [12]. Each year, these rivers discharge
more than a billion tons of sediment into the Bay of Bengal
(BoB), which serves as a conduit for sediment and freshwater
from the Himalayas [13]. From May to September, the southwest
monsoon delivers the most rainfall and sediment load to the
Bengal coast [3]. Neotectonic motions in the Bengal basin
between the 12th and 15th century AD also caused the basin to
tilt eastward. Later, the merged Ganges and Brahmaputra Rivers
once again flowed eastward to drain into Meghna in the middle
of the 18th century. During the 16th century, the Ganges became
eastward and joined the Brahmaputra. These activities continue
to affect the deltaic basin’s hydrological by altering deposition
patterns and lowering freshwater imports regime [14], [15]. As
a result, the delta construction method has mostly halted in the
west, whereas it has augmented in the east. Between 1793 and
1870, the area of the Sundarbans increased by approximately
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800 km2 [16], which is indicative of the high rate at which
sediment was deposited. A study [17] showed that mangroves
play a noteworthy role in the tidal shoal and the formation of a
mainland. Throughout the Sundarbans mangrove forest, there
are over 200 islands that are crisscrossed by more than 400
interconnected tidal waterways, making this the world’s largest
tidal mangrove forest.

Globally, mangrove forests are confronting a critical threat
arising from a combination of anthropogenic and natural stres-
sors. Anthropogenic stressors encompass coastal aquaculture,
illegal wood cutting, and tourism, while natural stressors in-
clude cyclones, sea-level rise, and coastal erosion [18], [19],
[20]. These factors are also the primary drivers of mangrove
depletion worldwide. Specifically, tropical mangrove forests are
vulnerable to sea-level rise, with an anticipated acceleration in
the rate of relative sea-level rise to approximately 5 mm/year
and 10 mm/year under low and high emission scenarios, re-
spectively, by 2100 [21]. This rapid sea-level rise is expected to
intensify mangrove forest loss and release significant carbon
stores, exacerbating climate change [22]. One of the largest
mangrove forests in the world, Sundarbans, lost about 20% of
its land between 1980 and 2009, with waterbodies expanding
by about 10%, posing a severe risk to national food security
[23], [24]. Another assessment indicated a loss of about 3.8%
between 1990 and 2019 [25]. The vanishing mangrove patches
disrupt the transfer of biogeochemical materials between estuar-
ies and coastal oceans, exacerbating climate change challenges
[26]. Since the beginning of the 20th century, land use and
land cover (LULC) patterns in the Sundarbans have changed
dramatically. Various factors contributed to the rapid mangrove
decline, including physical, climatic, and social factors, with
human activities playing a substantial role [27]. The urgency
of researching future LULC changes becomes evident when
considering the Sundarbans delta’s unique geographical char-
acteristics. This Mangrove delta, marked by dynamic river dis-
tributaries, a monsoon-dominated climate, its inherently deltaic
nature, and recent expansions in aquaculture, stands as an area
particularly susceptible to natural disasters. Given these vulner-
abilities, it is imperative to conduct a comprehensive analysis
of the spatio-temporal patterns of LULC within this region,
with a particular focus on preserving its invaluable mangrove
habitats [28]. An ominous parallel can be drawn with the
Chakaria mangrove forests, which have suffered from large-
scale deforestation, extensive fishing within channels, growing
human settlements, expansive shrimp farming, and intensive
grazing [29]. The Sundarbans delta, should it continue to endure
destructive anthropogenic activities, runs the perilous risk of
mirroring the fate of the Chakaria mangrove forests [18], [30],
[31]. Therefore, understanding and forecasting future LULC
changes in the Sundarbans is not merely a research gap but an
urgent imperative for the preservation of this unique and fragile
ecosystem. The integration of the cellular automata algorithm
with an artificial neural network (CA-ANN) presents a powerful
approach for predicting future LULC changes. This combined
model leverages the ability of CA to simulate spatial processes
and transitions in LULC over time based on defined rules, while

the ANN enhances the predictive capability by learning and rec-
ognizing complex patterns from historical data. Studies such as,
[28], [32], [33], [34], [35] have demonstrated the effectiveness
of this approach in various studies, such as the detection and
prediction of LULC changes in different regions, including the
use of CA-ANN for simulating LULC changes in specific urban
areas and assessing past, present, and future LULC dynamics.
Debanshi and Pal [36] also utilized CA-ANN to simulate the
future deltaic landscape of the Ganges in terms of land-use
changes for 2028 and 2038.

In this article, we aim to fill critical gaps in the existing
knowledge by investigating the projected shift in LULC, land
surface temperature (LST), and vegetation patterns within the
Sundarbans delta. We will examine the repercussions of these
changes, particularly in the context of sea-level rise and cy-
clone occurrences. The Sundarbans have experienced significant
deforestation due to human activities and natural disruptions
linked to climate and weather. Our study’s uniqueness lies in
its focus on the intricate interplay between LULC changes,
sea-level rise, and cyclone events in this deltaic region. We
hypothesize that the combined impact of these factors will
have substantial effects on the Sundarbans delta’s ecological
and socioeconomic dynamics. Our primary objectives include
modeling LULC changes, assessing their implications on the
delta, and elucidating the complex relationships between sea-
level rise, cyclones, and the region’s vulnerability. By addressing
these aspects, our research seeks to provide valuable insights
for policymakers, conservationists, and researchers working to
ensure the sustainable development and resilience of deltaic
ecosystems. The objectives of this research are to: evaluate the
spatio-temporal change of LULC, LST, and vegetation change
from 1990 to 2020, and predict LULC for the years 2030, 2050,
2080, and 2100 using a CA-ANN model.

II. METHODS AND MATERIALS

A. Study Area

The Sundarbans, situated within the GBM delta region, is the
primary focus of this research. It spans from 21° 30’ N to 22°
40’ N and 88° 5’ E to 89° 55’ E, as depicted in Fig. 1. Geolog-
ically, this region has formed through the gradual deposition
of silt by the GBM river system [37]. The region experiences
a tropical monsoon climate with an average annual rainfall of
1800 mm [38], accompanied by temperature variations ranging
from 11 °C to 37 °C [39]. A significant portion of this forest
experiences daily tidal inundation with water levels influenced
by the combined impact of ocean tides from the BoB and fresh-
water discharge from the rivers. In the monsoon season (June
to September), the flow of freshwater increases, whereas during
the dry season (October to May), freshwater input significantly
diminishes due to the reduced water inflow from rivers. This
extensive mangrove expanse is crisscrossed by numerous rivers,
canals, and tidal creeks, giving rise to a dynamic network of
mudflats and islands. The elevation of these landforms ranges
from 0.9 to 2.11 m above sea level, with a land slope of 0.03 m
[38], [40], [41].



5596 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

Fig. 1. Study area: The Sundarbans deltaic region straddling the boundary of
India and Bangladesh is colored yellow on the map. Tide gauge stations are
marked with red triangles.

TABLE I
DATA SOURCE: VARIABLE, DESCRIPTION, AVAILABILITY, AND REFERENCES FOR

NDVI, LST, AND MEAN SEA LEVEL DATA ([42], [43], [44])

B. Data Collection and Processing

Landsat images (see Table I) from 57 and 8 missions were
used in this article at intervals of 5 five years from 1990 to
2020. All processing, including atmospheric correction, cloud
masking, clipping, calculation of normalized difference vegeta-
tion index (NDVI) and LST, and classification of LULC, was
carried out in the cloud platform, Google Earth Engine (GEE).
Annual Sea level data of tide Gauge stations of Sundarbans delta
(1. Diamond harbor, 2. Haldia, 3. Khepupara, 4. Charchanga,
5. Hiron point, and 6. Sagar) was obtained from the website
(https://www.psmsl.org/data/obtaining/stations/543.php)

C. Normalized Difference Water Index and Land Surface
Temperature Calculation

NDVI [45], a dimensionless index depicting variations in veg-
etation reflectance between the visible and near-infrared spectra,
is extensively used to assess changes in vegetation cover and crop
health [46]. The ratio of the red to the near-infrared (NIR) band is
used to generate an NDVI. Its range is from −1.0 to 1.0, mostly
corresponding to green. Negative values are primarily water,
and clouds, while values near zero are primarily composed of
rocks and bare ground. Shrubs and meadows are represented
by moderate values (between 0.2 and 0.3), while temperate and
tropical forests are represented by big values (between 0.6 and

0.8). For Landsat 5/7/8, the formula is defined as follows [45]:

NDVI =
(Green band−NIR band)

(Green band + NIR band)
. (1)

The LST is determined through a series of steps that en-
compass calculating brightness temperature (bt) from top-of-
atmosphere reflectance, evaluating the proportion of vegetation,
determining emissivity values, and finally, deriving the LST.
Calculating bt from TOA reflectance from bands 10 and 6. This
step was carried out by following the USGS website mentioned
method [47]

bt =
K2

ln
(

K1
Lλ

+ 1
) − 273.15 (2)

where K1 is the thermal conversion constant, K2 is also the
thermal conversion constant, and Lλ is TOA reflectance. K1 and
K2 can be found in metadata.

Quantification of the proportion of vegetation: According to
[48], the proportion of vegetation was quantified

Pv =

(
NDVI − NDVImin

NDVImax − NDVImin

)2

. (3)

Quantification of the error correction (the value of emissiv-
ity): Emissivity was calculated as follows [44]:

E = m ∗ Pv + n (4)

where m is the vegetation’s emissivity value, which in this
instance was 0.004. n is the soil emissivity value, which in this
instance was 0.986.

Calculating LST: Brightness temperature to actual LST was
calculated as follows [49], [50]:

LST =
bt

1 +
[(

w ∗ bt
p

)
∗ ln (E)

] (5)

where w= length of the emitted radiation (band 10), in this case,
0.00115 was used, p = constant value obtained from h∗c/σ is
1.438∗10−2 mk here h is the plank’s constant (6.626∗10−34),
c is the velocity of light (3∗108 m/s), and s is the Boltzmann
constant (1.38∗10−23 J/K).

D. LULC Change Detection, Image Classification and
Modeling

The LULC change detection method is a powerful tool for
assessing changes in change of the LULC over time, includ-
ing the amount of loss and gain, characteristics, and patterns.
It also assists with natural resource management, utilization,
and decision-making related to using natural resources and the
environment [31], [34]. The use of remote sensing (RS) data
for spatiotemporal analysis has grown in prominence due to its
repetitive acquisition, making it a valuable resource for accurate
LULC detection and mapping [32], [33]. With the capacity to
process RS data in cloud-based platforms like the GEE, the field
has gained powerful tools to efficiently analyze and understand
landscape changes. In the GEE for satellite image classification,
TOA images were used instead of surface reflectance (SR)
images due to the limited availability of SR images. The random

https://www.psmsl.org/data/obtaining/stations/543.php
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Fig. 2. Methodology for image collection processing, classification, accuracy
assessment, and simulation for the future. The green box represents image clas-
sification and the orange box represents the CA-ANN modeling and simulation
scheme.

forest (RF) machine learning algorithm was used on the GEE
platform for image classification. Breiman [51] first proposed
RF as an ensemble learning method that consists of many deci-
sion trees. RF assigns classification labels to many decision trees.
For an explicit explanation of the RF classifier, the readers are
directed to [51]. This combines a collection of randomized trees.
The bagging approach replaces training samples with a subset
of training samples. The same sample can be selected multiple
times, while others may not. LULC has been quantified using
RF in RS multispectral image classification [48], [52], [53], [54].
The GEE platform’s built-in RF algorithm was applied for image
classification based on four major classes including mangrove
patches, barren land, built-up areas, and waterbodies.

There are various simulation techniques available for predict-
ing future land cover changes, such as Markov chain, cellu-
lar automata, logistic regression, and artificial neural networks
[55], [56]. A particularly noteworthy approach is a CA-ANN
generates multiple output neurons to simulate multiple land-
use changes nonlinearly [57]. An advantage of the CA-ANN
model is that it can record intricate nonlinear aspects throughout
modeling operations and provide insight into the transition rule
for the underlying LULC pattern. Research has confirmed that
CA-ANN can be effectively used to generate future LULC
predictions with higher accuracy [28], [32], [33], [34], [55]. With
the MOLUSC [58] plugin of QGIS [59], future LULC could be
predicted using a CA-ANN model. This model uses elevation,
slope, and, as a land-use factor, distances from major roadways
and waterways. The Euclidean distance tool in ArcGIS [60] was
utilized to determine the distance from the waterways (canal,
ditch, streams, drain, streams, rivers, and channels). The model
uses two LULC rasters from two periods as dependent variables
and independent variables, including elevation, slope, and the
distance from major highways as land-use factors. To evaluate
conversion metrics and change probabilities, two variables were
used as inputs. ANN model was then used to predict the tran-
sition potentials of LULC changes. Finally, simulated rasters
were derived based on these using CA. For example, classified
images of 1990, 2000, and 2010 were used to predict the LULC
of 2020 then, the predicted 2020 images were validated with
the classified 2020 images. LULCs for 2030, 2050, 2080, and
2100 were simulated with acceptable results and accuracy (see
Fig. 2). The mathematical equation for the CA model is written

Fig. 3. Vegetation distribution from 1990 to 2020. Here, NDVI 0.1 to +1
denotes Vegetated areas, 0 denotes bared land, and −0.1 to −1 denotes water-
bodies.

Fig. 4. Historical NDVI plot for the Sundarbans. (a) Time series with the blue-
colored regressive trend and green-colored line plot of LST from 1990 to 2020.
(b) Daily times with maximum and minimum NDVI daily average of a year.

as follows:

S (t, t+ 1) = f(s (t) , N. (6)

Here, S (t+1) denotes the condition of the system at the
moment (t, t+1). Based on a bottom-up method, this technique
analyzes accurate models of urban growth and LULC processes
[58].

E. Accuracy Calculation

Calculating accuracy is crucial when classifying images. In-
formation derived from RS data is evaluated in terms of its
accuracy. For this purpose, labeled data has been split into
70% as training and 30% as testing set for each mentioned
year. Based on this, major accuracy assessment matrices such as
validation overall accuracy, producer, user, and kappa coefficient
were calculated. We primarily employed commonly available
methods for assessing the accuracy of image classification to
assess the results[48], [52], [61], [62], [63].

A. Vegetation and LST Distribution

The daily NDVI ranged from −1 to 1, with an average of 0.2.
NDVI widely varied across the delta (see Fig. 3). The highest and
lowest NDVI was found in October, January, May, December,
and February because this is a tidal-influenced mangrove delta.
It is fascinating that the maximum NDVI is not consistently
found across all areas simultaneously. However, Fig. 4 shows an
overall decreasing trend line from 1990 to 2020.
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Fig. 5. LST distribution from 1990 to 2020.

Fig. 6. Historical LST plot for the Sundarbans delta from 1990 to 2020.
(a) Time series with the blue-colored regressive trend and red-colored line plot
of LST from 1990 to 2020. (b) Daily times with maximum and minimum LST
daily average of a year.

It should be noted, however, that the average minimum from
1990 to 2020 NDVI for all months is not equal, ranging from
−0.72 to 0.85. November represents the lowest negative NDVI
(−0.716), whereas June represents the least low negative NDVI
(−0.48). This negative NDVI mostly indicates inundation extent
and magnitude across the Sundarbans delta. But still, July to
November also shows the highest vegetated (≥0.81) areas. For
1990–2000, 2000–2010, and 2010–2020, we calculated average
NDVIs as 0.19, 0.20, and 0.19, maximum NDVIs as 0.84, 0.78,
and 0.79, and minimum NDVIs as −0.73, −0.66, and −0.64
respectively (see Fig. 4).

On the other hand, For the Sundarbans delta, thirty years of
LST showed a huge temperature fluctuation from 3 °C to 39 °C,
with an average of 22 °C (see Fig. 5). Most of the warmest
months were April, November, and February, with maximum
LSTs exceeding 39 °C for the period 2010–2019. In contrast,
some delta areas experienced the lowest LSTs, around 3.5 °C in
October, November, August, and December (see Fig. 6) used.

The average maximum LST in March–May month from 1990
to 2020 ranged from 31.6 to 29 °C, while the average lowest
LST in June to September ranged from 9.8 to 14 °C. The mean
LSTs for 1990–2000, 2000–2010, and 2010–2020 were 23.6 °C,
22.3 °C, and 22.7 °C, maximum LSTs were 29.4 °C, 28.3 °C, and
29.40C, and minimum LSTs were 18 °C, 16.5 °C, and 17.6 °C
(see Fig. 6) used.

B. Accuracy Analysis

For the accuracy analysis, 70% of the data was used for
training, while 30% was used for testing. Most accuracy, whether

Fig. 7. Percentage of LULC classes from 1990 to 2020 in the Sundarbans delta.

Fig. 8. LULC map for the Sundarbans delta from 1990 to 2020. The first image
starts with 1990, and the last image of LULC for 2020.

user or producer, accuracy percentages range from 100%–85%
for the mangrove and 100%–79% for the waterbodies. The
accuracy of built-up areas is 0 in 1990, 1995, and 2010 because
we did not identify this class type for these years.

C. Patterns of LULC Changes and Transition Analysis

LULC in the Sundarbans delta from 1990 to 2020 was quan-
tified using Landsat imagery and an RF model within the GEE
platform, encompassing categories such as mangrove forests,
waterbodies, built-up areas, and barren lands. As mangroves
mainly cover the delta, this class always dominated the LULC
classes. The mangrove forest occupied 6090 km2, which was
65% of the entire Sundarbans delta, 33% was waterbodies, and
1% was barren land in 1990 (see Fig. 7). In 1995, the mangrove
area decreased slightly to 64%, and the area of waterbodies
increased; while barren land, remained the same. By the year
2000, the mangrove coverage had changed slightly, while the
waterbodies expanded significantly and the barren land had in-
creased to about 2%, which means 198 km2. In 2005, mangroves
again had the same reduction rate, higher water rate, and no
significant change. From 2005 to 2010, the mangroves increased
significantly, and the waterbodies shrunk from 36% to 34%, and
buildup area of 2.3%. From 2010 to 2015, mangroves signifi-
cantly decreased by about 7% over the previous year, and much
of the waterbodies were probably flooded. Waterbodies were
43%, but barren land and human settlement appeared slightly
lower in the image (see Fig. 8). The canopy of mangrove forests
varied from 65% to 55% over the study periods, whereas the
coverage of waterbodies, including rivers and channels, varied
from 33% to 43%, and the spatial extent of other LULC classes
never exceeded 2%. It is evident that mangrove coverage has
decreased over the years; its coverage in 1970 was 65%, and in
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Fig. 9. LULC class-wise LST distribution. 1990–2020.

Fig. 10. Sea level data from six tide gauge stations near or within the Sun-
darbans delta. The a–f denotes Charchanga, Daldia, Diamond Harbour, Hiron
Point, Khepupara, and Sagar respectively.

2020, it became 59%. In contrast, waterbodies were increasing
in the area; their coverage was 33% in 1990, and it became 38%
in 2020, mainly 43% in 2015 (see Figs. 7 and 8).

D. Class Wise LST Distribution

In 1990, all LULC classes had similar LSTs ranging from
21.1 °C to 22.7 °C. The barren land had the highest temperature
(22.7 °C), and mangroves had the lowest (21.1 °C). The average
LST for the barren, built-up, mangrove, and waterbodies classes
in 2000 was 22.1 °C, 23.2 °C, 20.6 °C, and 21.4 °C, respectively.
LSTs in 2010 varied slightly between 20.5 °C and 22.9 °C across
all LULC classes. The barren land had the highest temperature
(22.9 °C), and the waterbodies had the lowest (20.5 °C). The
average LSTs for the barren land, built-up, mangroves, and
waterbodies classes in 2020 were 23.4 °C, 23.37 °C, 22.4 °C,
and 22.9 °C, respectively (see Fig. 9).

E. Sea Level Data Analysis

Six tide gauge historical sea-level visualization is shown in
Fig. 10, except for Sagar, and the other four stations show
rapidly rising sea levels. The linear trend line of Charchnaga,
Hiron Point, Daldia, Diamond Harbor, and Khepupara is pos-
itive. According to the PSMSL data, sea levels were rising by
an average of +17.294, +9.605, + 6.1, +0.571, +1.549, and
−4.01 mm/year in Khepupara, Charchanga, Hiron Point, Daldia,
Diamond Harbor, and Sagar, respectively. Khepupara and Hiron
Point are inside Sundarbans Forest, and their rising sea level
recording shows an alarming trend and rate.

Fig. 11. Simulation of LULC for the Sundarbans delta from 2030 to 2100.
Here, labels (a) indicate 2030, (b) denote 2050, (c) indicate 2080, and (d) indicate
2100.

F. Simulated LULC

By 2020, the total area covered by mangrove vegetation was
5573 km2, which is about 60% of that year, and later in the
simulation, it increased slightly to 5948 km2. Barren land, which
now covers 1.4% of the area (114 km2), has seen a substantial
reduction. Interestingly, the simulation of 2030–2050 shows a
slightly reverse picture of mangrove coverage declining from
about 63.5% to 56.7% (a decrease of 628 km2), while waterbod-
ies are gradually getting larger according to the previous trend,
many mangrove areas would be flooded, and the total area of
waterbodies has increased from 33.9% to 39.8%. It is a wonder
that the built-up areas will decrease in 2050, whereas barren land
will increase by almost 2.6%. By 2080, the mangrove coverage
will decrease by about 269 km2, waterbodies will increase by
159 km2, but the built-up areas will increase by about 3.89 km2,
and barren land will become 371 km2 (3.9% of the total area).
In the present LULC simulation of a 2100-year, the mangrove
forest areas would be decreased by about 48% or 4511 km2.
The waterbodies increased up to 45%, and the built-up areas
and barren land reached 117 and 517 km2 (see Fig. 11).

IV. DISCUSSION

In this article, we analyzed three decades of spatio-temporal
vegetation and land surface data, in addition to predicting LULC
changes up to the year 2100 using CA-ANN. The vegetation
analysis showed that there was still a wide variation in the
NDVI values because barren or sandy shores have very low
NDVI values due to tides, which are flooded twice daily in
the mangrove [64] and less NIR reflectance during high tide
due to the presence of seawater [19]. Our findings underscore a
concerning trend where waterbodies are encroaching upon the
mangrove forest, with mangrove coverage in the Sundarbans
delta decreasing from approximately 65% to 59% (see Table II,
Figs. 7 and 8). This phenomenon may be attributed to rising
sea levels and deforestation [3], [65], [66] via overexploitation
and illegal fire-cutting [18]. Over the last three decades, the
Sundarbans’ surface water temperature has increased by about
0.5 °C per decade. The mean summer temperature of Sundarbans
is expected to rise by 1.5 °C–2 °C, while the average winter
temperature is expected to rise by 2.5 °C to 3 °C by 2050, which
can cause sea level to rise more rapidly [67]. For low to high



5600 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

TABLE II
LULC YEAR-WISE COVERAGE, CHANGE, PERCENTAGE OF THE YEAR, AND

PERCENTAGE OF CHANGE

emission scenarios (RCP 3.5 to 8.5), for the BoB region, SLR
will rise from 0.2 to 1.0 meters in 2100 [68]. At the regional
scale, the BoB’s sea level is rising by 1.5 mm per year due
to global warming [69]. Consequently, the Sundarbans face
adverse ecological impacts, particularly on mangrove forest
health. Projections by the World Bank [70] estimated that sea
levels rising by 10 cm, 25 cm, 45 cm, and 60 cm will submerge
15%, 40%, and 75%, of the entire forest. In another study, 5%
of mangrove forest was reduced from 1989 to 2020, and it was
forecast that a rise of 1.0 m would abolish the entire Sundarbans
[71]. Increasing sea level variations are also linked to climate
change and the El Niño Southern Oscillation (ENSO) [72]. Tide
Gauge data showed that ENSO and the Indian Ocean Dipole
influenced substantial interannual variations in mean sea level
[73]. There is a significant association between ENSO events
and mangrove mortality [74]. As the surface air and ocean
temperatures increase, an exceptional ecosystem and wildlife
environment bear considerable threats [75]. Thakur et al. [76]
found that NDVI and LST had a negative correlation, with
LST being higher over built-up areas, followed by coastlines,

mangroves, forests, and waterbodies. Our analysis of LST across
various land cover classes concurs with this pattern, as we
consistently observed higher LST values over barren areas when
compared to mangroves, waterbodies, built-up areas, and other
barren lands (see Fig. 9). Our sea-level analysis supports these
concerns, with the Sundarbans delta experiencing a cumulative
sea-level rise ranging from an average of +17.4 to +1.55 (see
Fig. 10), an alarming trend. Besides sea level with associated
global warming, some local factors, such as a gentle slope, low
elevation, and high tidal amplitude, also contributed to sea-level
rise in the Sundarbans [77], except for the Sagar Tidal Gauge.
Due to the significant sediment accretion from the Ganges River,
Sagar Island has experienced a negative sea level trend [78].
From time to time, built-up is also seen, as well as a large part
of it sinking into the seawater or going into the forest. The most
significant changes have occurred in the vulnerable southern
region, where sea-level rise poses the greatest threat [38]. The
waterbodies fluctuated across mangrove forests because the
Sundarbans delta crisscrossed many rivers and channels [3], [9],
[79].

Simulations from 2030 to 2100 suggest that the Sundarbans
mangroves will rapidly disappear in many areas as channels
widen and deepen. A combination of satellite observations and
simulations reveals that substantial portions of the Sundarbans
mangrove forest will become submerged. Water coverage, in-
cluding all waterways, increased from approximately 3155 km2

in 1990 to around 4223 km2 after simulation (see Fig. 11 and
Table II). This transformation could be a result of long-term
inundation, cyclones, salinity intrusion, and human-induced
factors like deforestation [75], [80], [81].

The vulnerability of the Sundarbans region is further exacer-
bated by its low-lying topography and its historical susceptibility
to cyclones [30]. This region experiences cyclones on an annual
basis, with a powerful cyclone making landfall approximately
every three years [82]. As our climate continues to warm, there is
a growing likelihood of intensified cyclogenesis within the BoB,
which could result in more frequent and severe cyclones. This,
in turn, raises the specter of heightened storm surges, increased
inundation, and accelerated coastal erosion. Compounding these
concerns is the occurrence of exceptionally high waves along
the Bangladesh coast, with a 10-m-high wave emerging roughly
every 20 years and a 7-m-high wave appearing approximately
once every five years [83]. Moreover, the combination of low
coastal topography, a dense population, inadequate coastal pro-
tection measures, and the loss of vital vegetation renders the Sun-
darbans ecosystem exceptionally susceptible to environmental
stressors The stark reality of this vulnerability was underscored
by the recent impact of two consecutive cyclones, Yaas and Am-
phan, which wrought significant devastation upon the mangrove
forests [80]. These events, coupled with the projections from our
future simulations, paint a worrying picture of the worsening
condition of the Sundarbans mangrove forest.

In the face of a multifaceted crisis marked by the vanish-
ing mangrove forests, the looming specter of sea-level rise,
and the intensification of cyclogenesis, Bangladesh emerges
as one of the most profoundly impacted nations by climate
change and natural disasters [84]. The ramifications extend to
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the jeopardy of food security and livelihoods, with the looming
threat of displacing millions [85]. These formidable challenges
await planners and local governing bodies in districts compelled
to grapple with the inexorable shifts due to climate change
[85], [86], [87]. Within this context, both the Governments of
Bangladesh and India find themselves at a critical juncture,
necessitating the implementation of resolute measures through
comprehensive adaptation programs. The crafting of these ini-
tiatives can draw valuable insights from the findings of this
research, which highlight the intricate interplay of ecological and
climatic factors influencing the vulnerability of the region. By
incorporating these research-driven insights, policymakers can
bolster the effectiveness of their adaptation strategies, enhancing
the resilience of vulnerable communities and fortifying their
capacity to address the challenges posed by climate change and
natural disasters.

V. CONCLUSION

This article provides a comprehensive analysis of land cover
change, vegetation dynamics, LST distribution, sea-level rise,
and future land cover change within the Sundarbans delta span-
ning the period from 1990 to 2100. The CA-ANN simulated
model demonstrated commendable performance, achieving an
accuracy ranging from 96% to 76%. Notably, the current LULC
CA-ANN simulation for the year 2100 revealed a 48% or
4511 km2 decrease in mangrove coverage. Concurrently, wa-
terbodies exhibited an increase from 3155 to 4223 km2, along-
side expansions in urban and barren areas, reaching 117 and
517 km2, respectively. However, it is imperative to acknowledge
the study’s limitations. The identification of only a type of forest,
without distinguishing between mangroves and non-mangrove
forested areas at a 30-m spatial resolution, poses a constraint on
the depth of our findings. Future research endeavors should con-
sider integrating higher-resolution RS data with more classes and
within the same neural network-based simulations to enhance
the precision of mangrove forest monitoring and management
planning. The study highlights a concerning trend of increasing
LSTs over the Sundarbans region coupled with a decline in
mangrove vegetation. This decline is primarily attributed to
natural inundation, driven by sea-level rise a manifestation of
the broader impact of global climate change. The Sundarbans
mangrove forest has also faced the brunt of several cyclones over
the study period, leading to substantial devastation. Encourag-
ingly, our findings indicate that mangrove ecosystems possess a
resilience to such natural disturbances, exhibiting the capacity
to rebound after a certain period. This article underscores the
critical need for ongoing monitoring and adaptive management
strategies for the Sundarbans delta. The implications of our
study extend beyond the immediate temporal and spatial scope,
providing valuable insights into the broader challenges posed
by climate change on coastal ecosystems. By emphasizing the
limitations, contributions, and implications of our work, we
strive to pave the way for future research endeavors aimed at
better understanding and safeguarding these ecologically vital
regions.
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