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Abstract: Inhabitants of low-lying islands face increased threats due to climate change as a result of
their higher exposure and lesser adaptive capacity. Sagar Island, the largest inhabited estuarine island
of Sundarbans, is experiencing severe coastal erosion, frequent cyclones, flooding, storm surges, and
breaching of embankments, resulting in land, livelihood, and property loss, and the displacement of
people at a huge scale. The present study assessed climate change-induced vulnerability and risk for
Sagar Island, India, using an integrated geostatistical and geoinformatics-based approach. Based on
the IPCC AR5 framework, the proportion of variance of 26 exposure, hazard, sensitivity, and adaptive
capacity parameters was measured and analyzed. The results showed that 19.5% of mouzas (admin-
istrative units of the island), with 15.33% of the population at the southern part of the island, i.e.,
Sibpur–Dhablat, Bankimnagar–Sumatinagar, and Beguakhali–Mahismari, are at high risk (0.70–0.80).
It has been concluded that the island has undergone tremendous land system transformations and
changes in climatic patterns. Therefore, there is a need to formulate comprehensive adaptation
strategies at the policy- and decision-making levels to help the communities of this island deal with
the adverse impacts of climate change. The findings of this study will help adaptation strategies
based on site-specific information and sustainable management for the marginalized populations
living in similar islands worldwide.

Keywords: risk; vulnerability; climate change; principal component analysis; low-lying delta; IPCC
AR 4 and AR 5

1. Introduction

Climate change is a major concern that has increased the rapid and slow onset of
climate events globally [1,2]. Rising ocean and air temperatures, increasing occurrence
and intensity of tidal surges, violent stormy cyclones, severe flooding, and extreme pre-
cipitation events are some of the manifestations of climate change [3]. The low-lying
coastal regions are witnessing adverse impacts, such as inland flooding, submergence, and
coastal erosion, due to rising sea levels [4]. According to an estimation, by 2050, almost
a million people living in three significant deltas, namely, the Mekong Delta, Nile delta,
Ganges–Brahmaputra–Meghna delta, will be adversely impacted by rising sea levels [5].
For the Indian Bengal Delta, such an increase could be as high as 70% [6]. Climate vari-
ability greatly influences the environment and socioeconomic aspects, such as agriculture,
livelihood, health, and biodiversity [7]. Biophysical vulnerability manifests in communities’
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exposure to climate change; hence, due to the greater social vulnerability, they are more
exposed to adverse impacts [8]. Climate change primarily affects the poor, disabled, aged,
and marginalized populations, increasing social vulnerabilities [9].

Apart from broad-scale increases, local factors influence household-level vulnerabil-
ity [10]. Population pressure, changes in land use, and intensive agriculture can exacerbate
risks and exposure [11]. These catalyze the displacement of endangered people and in-
crease the number of population traps, which can cause internal and external population
movement [12,13]. Sundarbans is a very good instance of the manifestations of climate
change, wherein underdevelopment and over-reliance on climate-dependent subsistence
have rendered the whole ecosystem vulnerable [14].

Sagar Island has encountered the impacts of climate change in the form of rising sea lev-
els, tidal surges, increased soil salinity, violent cyclones, and severe coastal erosion [15,16].
Part of an archipelago of 102 islands in the Sundarban coastal region, Sagar Island is the
most significant. Its inhabitants are losing their land under their feet day by day. The
surrounding four islands, named Bedford, Lohachara, Khasimara, and Suparivanga, were
diluviated by coastal erosion in the last few decades. Bishalakkhipur mouza of Sagar Island
was submerged, and Sagar mouza has become uninhabitable due to the excessive erosion.
Ghoramara island will soon be submerged by the rising sea and accelerating erosion [17].
The range of apparent sea level increase varies between 3–8 mm/year in the Sundarbans,
beyond the global average of 3 mm/year [18]. This present rate can result in a 20 per-
cent enhanced flooding risk, over 1.520 mm by 2070 [19]. According to [18], the Indian
Sundarban has lost approximately 4% of forest cover, a natural buffer against cyclone
surges. Increasing sea levels and accelerated wave action caused subsequent changes in
the hydrodynamic regime that led to severe land loss. From 2009 to 2019, the island’s
area has prominently reduced from 246.76 km2 to 230.98 km2; the average decadal percent
change in this area for that period accounted for −11.33% [20]. The Bay of Bengal typically
experiences 7% of the significant cyclones worldwide, while in the last 120 years, the
frequency and intensity of the cyclones have increased between 20% and 26% [21]. Severe
cyclones, i.e., Yash (2021), Amphan (2020), Bulbul (2019), and Aila (2009), accompanied by
storm surges and flooding, caused large-scale devastation to the coastal regions [22]. The
agricultural community depends solely on nature; extreme weather events, cyclone surges,
tidal ingression, embankment breaching, saline water intrusion deplete their habitats and
livelihoods, forcing them to become environmental refugees [23].

Researchers worldwide are assessing the impacts of climate change, associated vulner-
abilities, and risks due to the frequency, magnitude, and tenacity of climate events [24,25].
Globally, research on the human effects associated with climate change and their scale [26]
has been used to guide policymaking, with the demarcation of vulnerable areas and the
identification of at-risk populations being made according to environmental assessments,
along with the introduction of measures aimed at mitigating the impacts of severe climate
events [27,28]. Ways to assess risk and vulnerability to the impacts of climate change
have been defined by the Inter-Governmental Panel for Climate Change. As of the time
of writing, two methodologies have been proposed, one based on the AR4 report and the
most recent based on the AR5. As defined by the IPCC (2007), vulnerability is a function
of sensitivity, exposure, and adaptive capacity [29]. However, the terminology of risk,
as introduced in the fifth Assessment Report (AR5) of the IPCC 2014, defines it as the
interplay of exposure, hazard, and vulnerability [2,30,31]. The present work is based on
the AR5 methodology, which defines it as the function of exposure, hazard, sensitivity, and
adaptive capacity. According to AR5, vulnerability is considered as an internal character
and is defined by adaptive capacity and sensitivity. Hence, the effective step of adaptation
to the impacts of changing climate is to reduce present exposure and vulnerability. Though
the vulnerability indices simplify the intricate aspects of climate change impacts, the merit
of this kind of evaluation lies in its instrumentality in the context of policy development
and mitigation of climatic risks [32].
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Previous studies of Sagar Island have only evaluated climate change vulnerability;
hence, there was little effort made to assess risk through the IPCC AR5 framework. The
present work is designed to assess how biophysical and socioeconomic variabilities con-
tribute to the risk to the inhabitants of Sagar Island associated with climate change. The
principal goal of the present study is to assess socioeconomic and biophysical variability
associated with climate change using the vulnerability and risk indices through exploratory
factor analysis for the 41 inhabited mouzas of Sagar Island based on the AR5 framework.
The primary objectives are: (a) to analyze both the slow and rapid onset climate variabili-
ties and assess related vulnerabilities; (b) to identify the relative contributions of hazard,
exposure, sensitivity, and adaptive capacity to the observed risk using statistical analy-
sis; and (c) to enumerate indices to help design strategies for efficient risk management
through mapping of hotspot areas. Spatial–temporal changes in weather variables and
land-use/land-cover were also analyzed, as these are significant factors in risk manage-
ment. This context-specific and location-specific geostatistical analysis has been framed
on a quantitative scale for policymakers and organizations to determine which areas need
specific policy interventions.

2. Study Area and Rationale

Sagar Island is located at the confluence of Ganga at the Bay of Bengal, 100 km south
of Kolkata in the western part of Sundarbans. Administratively, Sagar Island (21◦36′ N to
21◦56′ N; 88◦02′ E to 88◦11′ E) is a part of Sagar block of south 24 Parganas district (Figure 1).
Home to 212,037 people [33], with 41 inhabited mouzas in 9 panchayats, covering an area
of 282.11 km2, this island is composed of the alluvium of the Ganga and Brahmaputra
rivers and their tributaries. The low-lying islands of Sundarbans have been considered
global climate change hotspots, located as they are in a flood-prone micro-tidal estuary
characterized mudflats, creeks, and sandy beaches [34]. The average elevation is 4 m;
diurnal tides range between 3.5–5.5 m (Figure 2). Hence, a maximum portion of the island
undergoes inundation with saline water periodically from tides and storm surges. In this
humid monsoon climate, the average annual temperature and the total precipitation were
27.57 ◦C and 154.25 mm, respectively, in 2020. Between 1977 and 2017, the island has faced
significant changes to its shoreline. Continuous tidal ingression, waves, longshore currents,
cyclones, and rising sea levels have been modifying the island’s shape. With a 14.22%
increase rate, this rural population has an average household size of 4.50, of which 44.46%
are below the poverty line. According to the 2011 census, 40.03% of the population are
total workers; 43.72% and 24.46% are agricultural laborers and cultivators, respectively [30].
Constant loss of land and expanding salinity reduce opportunities for honey and prawn
seed collection. Widespread poverty and lack of development are turning most working
populations into daily wage laborers. Agriculture and fishing are the most important
economic activities for the local population. The increasing surface temperature of the
sea, monsoonal irregularities, and higher sea levels are crucial threats to their livelihoods.
Between 1981 and 2020, the frequency and intensity of cyclones striking the Sundarbans
increased [35]. During 1891–2016, 232 severe cyclonic storms and 293 cyclonic storms were
observed in the Bay of Bengal and surrounding areas [36]. The severe cyclonic storm Aila
(27 May 2009) rendered over 5.1 million inhabitants homeless, and thousands of acres of
farmland perished from the ingression of saline water. Bulbul (5 November 2019) and
Amphan (16 May 2020) caused widespread destruction. This area faced continuous land
loss, saline water intrusion, and limited access to resources and livelihoods despite an
agricultural economy. Mouzas (administrative units) in the southern part, i.e., Dhablat,
Shibpur, Mahismari, Beguakhali, have been heavily eroded. The sediment deficiency,
removal of mangroves, sea level increase, unsustainable development, and exploitive
mining of clay are the root causes of excessive erosion [37].
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Land reclamation started in 1811, long before the accretion–erosion process could
reach a stable equilibrium in this newly formed active delta. The construction of the bar-
rage at Farakka, the dying-out of the tributaries, and the subsequent fall in the supply of
sediments have changed the accretion rates and altered the vital hydrodynamics of surplus
erosion [38]. Higher exposure to climate-related hazards and the over-dependency of inhab-
itants on the rain-fed agricultural economic system have made the islands, including Sagar,
an important example of the climate change-related impacts that are being experienced
worldwide [39–44].
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3. Materials and Methods
3.1. Data

To identify climatic variation and extreme weather situations, the mean monthly
temperature and rainfall data for Sagar collected over the past 20 years (2001–2020) along
with annual storm data (deep depression, cyclone, and severe cyclones) were obtained
from the regional center of IMD. Data for the sea level (1948–2012) of Diamond Harbour
(near Sagar) were obtained from the global sea level observing system (GSLO). Data related
to the occurrence and intensification of cyclones were also obtained. The Landsat 4-5 TM
satellite image (30 m spatial resolution) of MSS for 1990 and OLI for 2020 were acquired
from the USGS website.

3.2. Methods
3.2.1. General Framework

Risk is defined as a function of the exposure, hazard, and socioeconomic vulnerabil-
ity of both resources and communities, according to the IPCC’s Fifth Assessment Report
(2014) [45]. While the risks are commonly thought of as natural, they can be exacerbated by
human-induced variables that speed up or increase the scale of occurrences or processes, or
lessen them through interventions and adaptations, such as coastal barriers, embankments,
and polders. Overall, in the present work, we first describe how variables characteriz-
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ing each component of exposure, hazard, and vulnerability are calculated, followed by
estimates of the potential risks [45] (Figure 3).
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3.2.2. Component Variables

Based on an extensive field survey, literature reviews, official records, and interviews
with experts, 28 prominent policy-oriented biophysical and socioeconomic variables of
9 major components of exposure (people, infrastructure, livelihoods), hazard, sensitivity
(livelihood activity, demographic profile, and socioeconomic status), and adaptive capacity
(human resource, primary facility, infrastructure, and economic security) were selected
(Table 1). Climatic variability was measured by the mean monthly temperature and stan-
dard precipitation deviation over the last 30 years. Natural hazards were the occurrence of
cyclones, floods, and coastal erosion. There were seven components of the internal element
identified as adaptive capacity and sensitivity in AR4 and vulnerability and exposure
in AR5. In the context of demographic status, socioeconomic, financial security, human
resources, and livelihood activity, variables such as household size, number of females
and children, disadvantaged individuals, people without land holdings, poverty, literacy,
agricultural dependency, marginal worker and non-worker status, work participation, and
number of salaried people were computed. Parameters such as access to sanitation and
electricity along with the availability of safe drinking water, basic infrastructure, primary
control, vital resilience, and adaptive capacity were also assessed among the impacted
communities [46,47]. Marginalized rural people are more susceptible to poverty and
overdependence on natural resources [48,49]. The present study was carried out on all
41 inhabited mouzas of Sagar Island. All variables were taken at an interval scale, and
outliers have been identified through descriptive statistics. To address singularity (perfectly
correlated) and multi co-linearity (highly correlated), the list of variables was reduced to
26 by removing redundant variables (R > 0.8). The Kaiser–Meyer–Olkin (KMO) test was
performed to test sample size suitability and diagnose multi-colinearity. Mann–Kendall
parametric rank correlation was computed to detect changes in the time series of seasonal
and annual variations of temperature and precipitation. Significant trends were identi-
fied by comparing Z values with normal distributions at the selected significance level.
Cyclones that affected the island in the last 20 years were plotted in R according to their
severity. Land use and land cover (LULC) information was prepared using the above data.
For 1990 and 2020, Landsat 4-5 TM (30 m spatial resolution) data were used from the USGS
website to compare and identify significant changes under seven classes. A maximum
likelihood classifier was chosen for classifying LULC. We obtained an overall accuracy for
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1990 and 2020 equal to 80% and 81.45%, respectively. We used ArcGIS 10.2.1 to perform the
GIS analysis [50,51].

Table 1. Selected parameters of exposure, hazard, sensitivity and adaptive capacity.

Sl. No. Components Variables

1

Exposure

Max. temperature (SD of avg. monthly temperature for the past 30 years)

2 Min. temperature (SD of monthly avg. of past 30 years)

3 Avg. rainfall (SD of monthly avg. of past 30 years

4
Hazard

Flood (percentage of area inundated in past 10 years)

5 Cyclone wind speed (m/s) (interpolated) over past 30 years

6

Sensitivity

Demography

Density of population (no. of persons/sq. km)

7 Avg. size of household

8 Percentage of females relative to total population

9 Percentage of children (0–6 age group) relative to total population

10

Socio-
economy

Percentage of SC and ST populations relative to total population

11 Food security (percentage of households with 1 meal/day)

12 Land holding (percentage of households without land)

13 Poverty (percentage of persons under poverty line)

14

Livelihood

Dependency on agriculture (percentage of labourers relative to total population)

15 Percentage of marginal workers

16 Percentage of non-workers

17

Adaptive
Capacity

Human
resource

Literacy rate

18 Work participation (Percentage workers relative to total population)

19
Economic
security

Percentage of salaried persons

20 Home ownership (percentage of households owning a home)

21 Household assets (percentage of households with home assets)

22
Infrastructure

Percentage of pucca houses

23 Road density (km/sq. Km)

24

Basic facilities

Sanitation (percentage of households with sanitation)

25 Electricity (percentage of household with connections)

26 Safe drinking water (percentage of household with access)

3.2.3. Principal Component Analysis (PCA)

Exploratory factor analysis is a multivariate technique widely used in geography and
other social research [52]. Principal component analysis (PCA) is the standard statistical
data reduction technique for excerpting a smaller and reasoned set of uncorrelated sets
(components) amongst many variables. The first set (component) is the most significant
variation possible, and each following set accounts for the possible remaining variability.
Hence, the variables have been converted into factors, and the coordinate of each variable
is computed to ascertain the factor loadings. Factor loadings are values that explicate how
strongly the variables are associated with each factor discovered. The sum of the square
loadings of each principal component is the component’s latent root or Eigenvalue [53].

3.2.4. Calculation of Vulnerability and Risk Indices

Vulnerability and risk indices were calculated at the mouza level using the PCA in
the R python Prcomp package. The correlation matrix was used to extract the principal
components. To construct the values of contributing factors (CFs) stated in the IPCC
framework, coefficients of component scores were multiplied by the ratio of the variance of
the corresponding components. The formula used for calculating the contributing factors
was Equation (1):

CF = ∑
Fi

TV
× FSi (1)
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where CF is a contributing factor, Fi is the percent variance of component (i), TV is the total
variance derived by all the reserved components, FSi is the coefficient of the component
score (i).

It became essential to normalize CFs, as the values can be both positive and negative.
The standard normalization equation used is Equation (2):

Xij =

(
Xi −Min Xj

)(
Max Xj −Min Xj

) (2)

where Xij (for mouza) becomes normalized CF (j), Xi is the actual value and Max Xj and
Min Xj are the maximum and minimum CF values for complete mouzas, respectively. Then,
all normalized CFs were combined into a single composite index ranging from 0 to 1.

From the Fussel and Klein framework [54], exposure (E) and sensitivity (S) are com-
puted together as the potential impact (PI) (3):

PI = E× S (3)

A system or community with limited adaptive capacity (AC) becomes more vulnerable
according to its sensitivity and exposure to climate change impacts. Hence, vulnerability
can be calculated using Equation (4):

V = PI(1− AC) (4)

This was also applied in risk calculation, where the function of sensitivity (S), exposure
(E), and hazard (H) is PI, as in Equation (5):

R = H × E× S× (1− AC) (5)

Vulnerability and risk indexes ranging from 0–1 reflect the current vulnerability and
risk quotient of the 41 inhabited mouzas of Sagar Island.

4. Results
4.1. Indicators of Climate Change

The present study performed a trend analysis of temperature and precipitation data
over 20 years to identify significant changes in the weather patterns of the study area. The
analysis shows a significant rising trend (Z = +2.80 to +2.45) with an average annual rise of
(+3.98) for the maximum temperature, while for the minimum temperature a decreasing
trend (Z = −0.60 to −0.91) is observed (Table 2 and Figure 4). Furthermore, there was an
increase in average annual temperature (26.25 ± 0.57 ◦C) at the rate of (Z = +2.57) 0.028 ◦C
(Table 3).

Table 2. Mann–Kendall analysis of the temperature of Sagar Island (2001–2020).

Month
Tmax Tmin Tmean

Z Q Z Q Z Q

Jan 1.58 3.18 −0.60 −0.93 2.24 1.81 *
Feb 1.33 2.09 −0.91 −1.01 0.77 0.58
Mar 1.68 3.08 0.70 0.96 1.54 1.04
Apr 2.73 2.80 * 1.19 1.38 1.23 1.14
May 0.46 0.63 2.00 1.39 * −0.98 −0.57
June 1.75 1.82 1.61 1.45 0.42 0.15
July 1.16 0.88 2.10 0.94 * 0.77 0.52

August 2.80 2.06 * 1.96 0.91 1.02 0.23
Sep 2.80 3.01 * 1.59 1.04 1.40 0.67
Oct 2.45 3.46 * 1.72 1.73 1.68 1.15
Nov 1.89 1.84 −0.07 −0.06 0.74 0.54
Dec −0.49 −0.43 0.28 0.41 −0.84 −0.48

* Significant at 95%; Z, Rate; Q, Sen’s slope.
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Table 3. Intra- and inter-annual trend analysis of the temperature of Sagar Island (2001–2020).

Tmax TMin TMean Summer Winter

Minimum 27.40 16.80 25.10 - -
Maximum 33.00 31.90 27.40 - -

mean 31.84 24.35 26.25 - -
SD 1.44 0.31 0.57 - -
CV 4.3% 3.7% 3.8% - -
Z 3.98 −2.96 2.57 3.05 0.84
Q 21.66 13.28 3.34 1.138 1.1

SD, Standard deviation; CV, Coefficient of variation; Z, Rate; Q, Sen’s slope.
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Figure 4. The trend in average annual temperature.

Significant variation in mean monthly rainfall over the past 20 years was observed, with
July having the highest (408.86 ± 181.52 mm) and December the lowest (12.01 ± 21.05 mm)
monthly rainfall. The analysis reflects a significant trend of increase (5.44 mm/month) in
July and of decrease (8.23 mm/month) in June monthly rainfall. The average annual rainfall
received is 1797.4 ± 348.9 mm, with 4.3% variation (Table 4). A non-significant trend of
decrease in average annual rainfall (Z =−0.07) at a 1.18 mm/year rate is observed (Figure 5).
Despite erratic distributions, a significant increasing trend in rainfall (6.19 mm/ year) is ev-
ident in monsoon months, while pre-monsoon months show a significant (−1.70 mm/year)
decrease in rainfall (Table 5).

Table 4. Mann–Kendall trend analysis of average monthly rainfall for Sagar Island (2001–2019).

Month
Average Monthly Rainfall (mm) (2001–2019)

Max Min Mean SD CV Z Q

Jan 87.6 0 12.77 24.37 191% −0.59 0.00
Feb 195 0 25.49 49.09 193% 1.7 0.52
Mar 127.3 1.6 29.15 33.90 116% −1.75 −1.00
Apr 133.7 0 43.28 34.19 79% −0.53 −0.62
May 245.4 29.7 112.94 59.13 52% −0.42 −1.02
June 533.6 77.5 264.29 133.85 51% −1.68 −8.23
July 868.9 212.1 408.86 181.52 44% 0.84 5.44

August 905.2 177.3 389.63 186.39 48% 0.63 5.23
Sep 567.6 154.2 303.47 112.01 37% −0.39 −1.42
Oct 631.3 27.6 173.25 165.81 96% −0.98 −3.65
Nov 114.8 0 22.32 31.46 141% 0.89 0.26
Dec 75.9 0 12.01 21.05 175% 1.56 0.00
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Table 5. Mann–Kendall trend analysis of rainfall distribution for Sagar Island (2001–2019).

Rainfall (mm) Total8358
(Annual) Pre-Monsoon Monsoon Post-Monsoon

Maximum 2427.10 299.20 2018.70 631.90
Minimum 1289.40 61.60 952.30 81.20

Mean 1797.45 185.36 1366.26 249.70
SD 348.92 61.69 303.82 159.76
CV 19% 33% 22% 64%
Z −0.07 −0.70 0.35 0.00
Q −1.18 −1.70 6.19 −0.02
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Figure 5. Annual rainfall distribution for Sagar Island.

The occurrence of severe cyclonic storms in the Bay of Bengal often plays an essential
role in this low-lying island’s climatic vulnerability. A prominent increase in both occur-
rence and intensity was exhibited in the past ten years. Eight cyclonic storms and seven
very severe to highly severe cyclones affected the island from 2010 to 2020 compared with
only three severe cyclones from 2000 to 2010 (Figure 6).
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Figure 6. Occurrence and intensity of cyclonic storms. Severity scale: 1, Cyclonic Storm (CS); 2, Severe
Cyclonic Storm (SCS); 3, Very Severe Cyclonic Storm (VSCS); 4, Extremely Severe Cyclonic Storm
(SSCS).
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A crucial outcome of changing climate is sea-level increase which causes severe
damage to the coastal ecosystem, infrastructure, and livelihoods [55]. Due to the partial
availability of data for Sagar Island, this study considered the sea level data at the nearest
station, Diamond Harbor, where a 5.74 mm/year rate of sea level increase has been observed
from 1948 to 2015 (Figure 7).
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Figure 7. Sea levels at Diamond Harbor Station (near Sagar Island) (1950–2015).

From 1990 to 2020, considerable changes in land use patterns have been associated
with coastal erosion. The analysis of the LULC from 1990 and 2020 (Figure 8a,b) shows that
significant changes were observed in the water body’s sandy areas, which increased by
>30% from the year 1990 to 2020. Apart from increases, the built-up area has significantly
increased and taken its toll on cultivated land, the area of which shows a decrease of 26.16%
(Table 6 and Figure 9).

Table 6. Estimates of the land use and land cover for Sagar Island at two points in time (1990 and 2020).

S No. Classes LULC 1990 LULC 2020 Change % Change

1 Cultivated land 164.36 121.46 −42.90 −26.10
2 Built-up 51.97 84.16 32.19 61.95
3 Mixed open land 0.55 1.04 0.49 88.81
4 Plantation 11.51 17.68 6.17 53.59
5 Sandy areas 0.74 4.55 3.82 518.06
6 Water 4.48 8.87 4.40 98.26
7 Wetland 0.80 1.04 0.23 28.80
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4.2. PCA Results and Construction of Vulnerability and Risk Indices

Spatial assessment of a low-lying deltaic island is crucial as such areas are prone to
spatiotemporal variations. The first, second, third, and fourth components accounted for
around 53% of the measured variables. For the first component, sensitivity and adaptive
capacity variables, i.e., food insecurity, homeownership, and household assets, relatively
higher loadings were determined (Table 7).

Two-dimensional plotting (Figure 10) of the first and second components, Dhab-
lat, Shibpur, Beguakhali, and Chemaguri, can be identified as negative outliers due to
lower adaptive capacity and higher sensitivity; Rudranagar and Gangasagar are on the
positive side.
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Table 7. The loading of the principal component analysis (PCA).

Variables PC 1 PC 2 PC 3 PC 4

Avg. maximum temperature −0.196 0.019 −0.07 0.377
Avg. minimum temperature −0.174 0.091 −0.273 0.238

Avg. rainfall −0.039 −0.063 0.078 0.371
Area under flood 0.288 0.217 −0.095 −0.16

Cyclone wind speed 0.085 0.319 0.18 0.306
Population density 0.046 0.075 0.168 0.173

Avg. household size 0.032 0.235 0.081 −.314
No. of females −0.107 0.216 0.041 −0.16

No. of children (0–6 years) −0.083 −0.083 −0.389 0.029
No. of socially backward people 0.248 0.059 −0.099 −0.197

Food insecurity 0.331 0.09 −0.164 −0.06
Without landholding 0.144 0.352 −0.114 0.049

People below poverty line 0.034 −0.234 −0.327 0.012
Agricultural dependency −0.015 0.046 0.409 −0.132

Marginal worker 0.248 0.207 0.17 0.004
Non-worker 0.24 0.119 −0.109 0.093

Rate of literacy 0.02 0.229 0.319 −0.208
Work participation −0.256 0.05 0.241 0.166

No. of salaried persons −0.219 0.306 −0.188 −0.176
No. of homeowners −0.317 −0.028 0.146 −0.144

Having household assets −0.353 −0.014 0.059 −0.206
No. of pucca houses −0.273 0.003 −0.2 −0.318

Road density −0.081 0.326 −0.118 −0.104
Sanitation −0.184 0.342 −0.067 −0.077
Electricity −0.115 0.23 0.039 0.173

Safe drinking water 0.188 0.216 −0.194 0.056
Standard deviation 2.335 2 1.614 1.384

Proportion of variance (Eigenvalues) 0.209 0.154 0.1 0.073
Cumulative proportion 0.209 0.363 0.464 0.537

Statistical test: Kaiser–Meyar–Olkin measures of sampling adequacy ≥ 0.516; determinant of correlation
matrix ≥ 0.00001.
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The second component explains that the numbers of people without landholdings,
road density, and sanitation crucially affect adaptive measures. The third component
reflects variables related to sensitivity, i.e., poverty, agricultural dependency, which have
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a higher significance. The fourth component explains variables of exposure, i.e., Tmax
and Tmin, and the variable of the pucca house as a vital parameter. Derived from the
outcomes of the PCA, vulnerability and risk values for all the mouzas were calculated
(Table 8) and mapped.

Table 8. Specification of severity classes of vulnerability and risk.

Classes
No of Villages (%) Area (%) Population in Thousands (%)

V R V R V R

Very Low (<0.15) 7 (17.07) 9 (21.95) 23.2 25.1 34.81 (16.42) 34.07 (16.07)
Low (>0.15) 9 (21.95) 8 (19.31) 28.6 27.4 38.42 (18.12) 42.84 (20.21)

Moderate (<0.5) 12 (29.26) 11 (26.83) 29.4 28.3 74.81 (32.28) 65.23 (30.82)
High (>0.5) 5 (12.19) 8 (19.51) 10.3 12.9 29.69 (14.0) 40.62 (19.17)

Very High (>0.6) 8 (19.51) 5 (12.19) 8.5 6.3 32.50 (15.33) 23.93 (11.28)

Figure 11 shows mouza hotspots of climate change impacts in terms of vulnerability
and risks. This multi-dimensional relative ranking of 41 mouzas indicates that most of
the vulnerable communities survive in the marginal areas along the coastline. Shibpur–
Dhablat, Beguakhali–Mahismari, and Bankimnagar–Sumatinagar are at high risk, while
Kachuberia, Muriganga, Candipur are highly vulnerable but at lower risk of exposure.
These location-specific schematic diagrams can effectively target adaptation and mitigation
interventions in these geographically homogeneous villages (Figure 12).

Water 2022, 12, x FOR PEER REVIEW 15 of 21 
 

 

location-specific schematic diagrams can effectively target adaptation and mitigation in-

terventions in these geographically homogeneous villages (Figure 12). 

 

Figure 11. (a) Vulnerability and (b) risk maps of Sagar Island. 

 

Figure 12. Mouza-level relative ranking of risk and vulnerability for Sagar Island. 

5. Discussion 

Variations in essential weather and climate parameters have been interconnected 

with climate change globally [56]. Coastal communities worldwide are threatened by 

Figure 11. (a) Vulnerability and (b) risk maps of Sagar Island.



Water 2022, 14, 823 15 of 21

Water 2022, 12, x FOR PEER REVIEW 15 of 21 
 

 

location-specific schematic diagrams can effectively target adaptation and mitigation in-

terventions in these geographically homogeneous villages (Figure 12). 

 

Figure 11. (a) Vulnerability and (b) risk maps of Sagar Island. 

 

Figure 12. Mouza-level relative ranking of risk and vulnerability for Sagar Island. 

5. Discussion 

Variations in essential weather and climate parameters have been interconnected 

with climate change globally [56]. Coastal communities worldwide are threatened by 

Figure 12. Mouza-level relative ranking of risk and vulnerability for Sagar Island.

5. Discussion

Variations in essential weather and climate parameters have been interconnected with
climate change globally [56]. Coastal communities worldwide are threatened by violent
cyclones and rising storm surges that cause enormous loss of life and livelihoods [57,58].
Weather parameters play a vital role in the ascription of risk and vulnerability characteristics
to any region [59]. Coastal regions are some of the first areas to experience the impacts of
a changing climate and are exposed to climate change-related vagaries of nature [60,61].
The climate component of risk analysis in Sagar Island has a uniform influence throughout
the region, as spatially explicit climate data information was not used in the study due
to the unavailability of such data. Rising storm surges, violent cyclones, and accelerating
tidal ingression escalate excessive erosion. The consequences of the overpowering erosion
process on human activity and the economy are perfectly portrayed along the coasts of
any island system [34,62–65]. The exposure indices of Tmax, Tmin, and precipitation in the
risk analysis have also been used by various workers with similar results [66–68]. When
examining the vulnerability of the state of Georgia in the United States, Binita et al. (2015)
discovered that one of the indications of a changing climate is changes in the intensity
and frequency of climate extremes. The study recorded temperature and precipitation
anomalies that showed overall trends towards dryness and warming climates correlating
well with the recent increase in extreme hydroclimatic events [69]. We also observed a
similar correlation with the increase in the intensity and severity of the cyclonic events
in the Bay of Bengal. Our study shows a decrease in cultivated land and a consequent
increase in the land under built-up areas. This has had tremendous implications for the
sensitivity and adaptive capacity indices of the risk analysis. The island has become more
vulnerable to agriculture-related climate change impacts that will manifest in the loss
of livelihoods related to the island’s agricultural sector. A similar finding has also been
reported by Kantamaneni et al. (2020). The study suggests that the farmers’ economic
resources are being harmed by the climate catastrophe, resulting in significant disruptions
to social and cultural activities in these coastal communities. The study concluded that
climate change calamities, such as floods, cyclones, and strong winds, contribute to higher
agricultural vulnerabilities in the investigated areas [70]. Moreover, our analysis of the
LULC information from 1990 and 2020 shows that significant changes were observed in
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the water body’s sandy areas, which increased by >30% from 1990 to 2020. This increase is
attributed to sea level increases due to climate change.

The vulnerability and risk mapping show a minimal significant difference. How-
ever, the overall indices nearly reflect the conceptual linkage and slight advantage of the
AR5 framework in identifying specific vulnerable communities through more adequate
exposure indices [71,72]. Dhablat, Shibpur, and Beguakhaki are the mouzas facing the
maximum potential risk of being adversely affected by climate change. These areas require
the immediate intervention of the local government and planning authority. IPCC AR4 did
not use the elaborate variables or isolate the variables into the four components of risk:
exposure, hazard, sensitivity, and adaptive capacity. The revised AR5 methodology is able
to capture this intricate relation [73–75]. The similar exposure, higher hazard, sensitivity,
and lower adaptive capacity render the regions inside the island at high risk. The sen-
sitivity and adaptive capacity parameters have been able to be used to locate the at-risk
areas within Sagar Island. Overall, the coastal areas are already under serious threat from
climate change impacts, and the areas centrally located on the island are also not safe
from the consequences [76,77]. Owing to the diverse variables and different methods
used, recognizing the components responsible for heightened vulnerability and comparing
them with the indices used turns out to be a complex process. Mouzas in high-risk and
vulnerability categories, such as Kirtankhali, Dhablat, Shibpur, Chemaguri, and others,
require measures to mitigate the effects of catastrophic events. As a result, it is necessary to
provide a beneficial infrastructure that can help the inhabitants cope with disasters, e.g.,
disaster-resistant shelters, early-warning systems, and coastal protection barricades [78,79].

Furthermore, several IT-based inventions have recently been deployed to prevent
disasters in many parts of the world, such as WebGIS-based flood simulation scenarios
to help cope with an incoming extreme weather phenomenon [80]. Smartphone-based
warning applications can be used to alert residents in an area through the supply of
real-time information and can help manage rescue operations [81]. Social media and drone-
based surveys can be used to locate the people under threat during an extreme event
and are thereby proved to be efficient means of saving lives. These strategies need to be
made available through government backing to all the risk-prone areas. The Government
of India’s disaster management policies needs to boost and invest in all such innovative
technologies. For efficient mitigation at the local scale, robust policies are required in order
to allow access to these technologies to the region’s authorities responsible for disaster
management. Some of the necessary interventions to assist the mouzas at higher risk and
vulnerability are better infrastructural facilities and social benefits, such as health insurance
and access to better communication systems [82]. This will ensure that communities live
with dignity and a sense of safety that will finally provide them with the required adaptive
capacity. For this, administrations have to have a far-sighted approach in devising such
policies. This also needs to be collectively handled by various local and international non-
governmental organizations involved in adapting and mitigating climate-related hazards.

Programs aimed at improving the socioeconomic health of coastal communities and
reducing their overall vulnerability, such as those aimed at providing robust and afford-
able housing and improving road connectivity, have to be implemented. Modifications to
present policies and initiatives to address the particular needs of these coastal areas may fur-
ther help reduce their risk, as a result of which the communities’ adaptive capacities would
be enhanced, minimizing their risk. Adaptive capacity is influenced by poverty, housing
quality, and education; therefore, measures aiming at overall socioeconomic betterment are
needed in vulnerable areas [83]. The growth of coastal economies and livelihood options,
such as fishing, mining, tourism, and sea energy, can assist residents in improving their
adaptive capacity. This might significantly impact the region’s socioeconomic demography
while also reducing coastal vulnerability. High-risk mouzas are typically densely populated
and have a large built-up area. It is necessary to investigate the possibility of transferring
critical companies and economic activities to inland areas with reduced hazards. As risk is
the function of four components (exposure, hazard, sensitivity, and adaptive capacity), a
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multi-dimensional methodology for minimizing disasters in vulnerable wards ought to be
a requirement for policymakers [84–86].

6. Conclusions

Coastal regions worldwide are under increasing threat from risk-associated climate
change. To assess the spatial dimensions of risk and planning for its aversion, IPCC
AR5 constitutes a methodology that takes into account the hazard, exposure, sensitivity,
and adaptive capacity of the inhabitants of vulnerable communities. This study was carried
out on Sagar Island, West Bengal, India, which is currently trying to cope with multiple
challenges from climate hazards, livelihood vulnerability, and underdevelopment. The
present study used an index-based approach to assess the island’s administrative level
(mouza) risk and vulnerability for planning management and mitigation strategies. We
observed that hazard parameters, such as cyclonic surges, extensive flooding, embankment
breaching, and severe erosion, affected the adaptive capacity of the inhabitants. Further-
more, continuous exploitation of natural resources and unsustainable economic activities
increase their sensitivity and risk quotients. The results significantly explained various
spatially discrete parameters that determined different degrees of exposure, hazard, sen-
sitivity, and adaptive capacity. Dhablat, Shibpur, and Beguakhaki are the mouzas facing
the maximum potential risk of being adversely affected by climate change, and these areas
need immediate intervention from the local government and planning authority. We pro-
pose providing innovative technologies, better healthcare, and communication, along with
robust infrastructural facilities, to the most affected mouzas in order for them to increase
their adaptive capacities and ultimately reduce their risk quotients.
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