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ABSTRACT

The term vulnerability” is used to examine the interlinkages between humans and their social and physical surround-
ings, This approach is similar wo the IPCC ARS's (2007) conceptual framework of vulnerability to climate change, The
[PCC ARS (2014) introduces a pew approach and terminology that is in line with the concept of risk, thus differing
from the previous understanding of vulnerability as mentioned in the IPCC AR4. This study attempts to link the new
concept of risk (ARS) with the previous concept of vulnerability (AR4). Based on IPCC AR4 and ARS frameworks, dif-
ferent bio-physical and socio-economic variables have been used for vulnerability (AR4) and risk (ARS) assessments in
the 51 sub-districts (community development blocks) of the Indian part of Ganges-Brahmaputra-Meghna Delts (Indian
Bengal Delta or IB0) applying principal component analysiz (PCA). The results show that Basanti is the most vulnera-
ble sub-district using the AR4 approach, whereas Gosaba is found 1o be the highly exposed o risk using the ARS ap-
proach. Bath sub-districts are spatially contiguous and with similar geographic characteristics which reflects the
validity of the IPCC framewaorks of assessment.

1. Introduction

In its Fifth Assessment Report, the Intergovernmental Panel on Cli-
mate Change (IPCC) mentions that “Coastal systems and low-lying
areas will increasingly experience adverse impacts such as submer-
gence, coastal flooding, and coastal erosion due to relative sea level
rise” ([1], p. 364). Low-lyving deltas are highly sensitive to changes
in sea leve [2,124]. At least 100 million people are at very high risk,
living within 1 m of mean sea level [3]. It is estimated that by 2050,
=1 million people in three mega deltas namely Ganges-Brahmaputra-
Meghna delta (Bangladesh and India), Mekong delta (Vietnam) and
Mile delta (Egypt) will be directly affected by sea-level rise [4]. The
surface area of flooding in 33 deltas around the world is estimated to
increase by 504 under sea level rise [5] and for Indian Bengal Delea
(Indian part of Ganges-Brahmaputra-Meghna Delta or TED) such in-
crease could be as high as 70% [6]. It is also estimated that without
protection from submergence and erosion, 72 to 187 million people
would be displaced by 2100 [7].

Climate change, including climate variability and extreme events
can directly and indirectly impact on the environment and socio-
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cconomic sectors like water resources, agriculture and food security,
human health, and biodiversity [8,9]. Agricultural production world-
wide is already being adversely affected by increasing temperature,
changes in precipitation, and the extreme events associated with cli-
mate variability [10-12,125]. Furthermore, climate change has the
potential to reduce crop yields by increasing soil salinity [13-15].
Other ecosystem based livelihoods such as fisheries and aguaculture
are already under multiple stresses including acidification, changes
in sea temperatures, extreme events, and sea level rise and related eco-
logical changes [10,16]. Climate change is also impacting on the
water resources by changing the flood or drought frequency, water
availability, and seasonality of water discharge [17,18]. Climate var-
iability and related extreme events already pose a serious threat to
peaple's lives through impacts on livelihoods, such as decreases in
crop production, food insecurity, and destroved homes [19,20]. The
health system is also sensitive to climate variahility [21], and the in-
teraction of climate variability with food security can exacerbate mal-
nutrition [22]. Climate change is likely to impact the rural, poor,
disabled, elderly, marginalized population, which further exacerbates
existing social vulnerabilities [23-26]. Along with broad-scale influ-
ences, local factors also affect vulnerability ar the household level
[12]. In addition, population pressure, land use change and more in-
tensive agricultural use, and urbanization can magnify risks and expo-
sure to climate change impacts [25]. These factors can result in the
displacement of vulnerable people, in an increased number of trapped
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populations and drive internal and international forms of population
movement [27,28,29,121].

Policy and scientific communities are particularly interested on
climate change impacts/vulnerabilities/risks because of their fre-
quency, magnitude and persistence [1,30,31]. Vulnerability in partic-
ular is a key concept for climate and social sciences [32,33]. There are
many different definitions of vulnerability in the literature [34-38].
To quantify multi-dimensional issues using variables as proxies, previ-
ous studies have employed the IPCC working definition of vulnerabil-
ity (2007), which is a combination of exposure, sensitivity, and
adaptive capacity [12,39]. The Fifth Assessment Report (ARS) of the
IPCC introduces the concept of risk. This approach is different from
the concept of vulnerability as expressed in the IPCC AR4 [40].
Hence, there is limited understanding and empirical work on risk as-
sessment following the IPCC AR5 approach.

The main purpose of this study is to link the new concept of risk
(AR5) with the existing concept of vulnerability (AR4) using the
basic underlving assumptions present in both IPCC frameworks, This
study assesses the vulnerability (AR4) and risk (ARS) at the local
level (sub-district) to identify climate change impact hotspots to pro-
vide input for successful adaptation options and mitigation measures.
This study also tries to identify the robust approach for assessing the
vulnerability/risk to climate change,

This manuscripdt is organised as follows: the first section provides an in-
troduction to climate change, low-lying areas and vulnerability, and the
gaps in literature that are addressed by this study. Section 2 provides
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administrative, demographic and socio-economic characteristics of the
study arca. Section 3 describes the data and the methodological approach
of the study. Section 4 discusses research findings and the final section con-
cludes the manuscript.

2, Deseription of the Indian Bengal Delta

The Ganga-Brahmaputra-Meghna (GBM) delta is one of the world's
most dynamic deltas, and it covers most of Bangladesh and parts of West
Bengal in India [4,41-43]. The Indian part of the Ganges-Brahmapuira-
Meghna delta is known as the Indian Bengal Delta (IBD) [44,45]. The
B[, a natural habitat of the Roval Bengal Tiger, presents a complex ecosys-
tem developed by an intricate system of tidal rivers, mudflats, and salt-tol-
erant mangrove forests [45], The socio-economic profile of the IBD is non-
uniform due toits geographical settings and population composition, access
to different sets of resources, and unavailability of sufficient fresh water,
The study area is 14,054 5q. km and comprises of 51 sub-districts within
two large districts - North 24 Parganas and South 24 Parganas (Fig, 1.

According to the 2011 census, the total population of 1BD is 18.17
million, of which 9.29 million (51%) are male and 5.88 million (49%)
are female [46,122]. The population density in 2011 was 1293 per-
sons per sq. km and the decadal growth rate between 2001 and 2011
was 15%. North 24 Parganas is the most populated district with a pop-
ulation of 10 million and the population density of 2445 persons per
5q. km. The total population of South 24 Parganas is 8.16 million
and growing at an estimated rate of 1.82% per vear, which is higher
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Fig. 1. The study area map of Indian Bengal Delta.
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than that of the state of West Bengal (1.38%) and India (1.76%) be-
tween 2001 and 2011, Census data (2011] shows that the sex ratio
in IBD is 955 females per 1000 of males whereas the sex ratio in
West Bengal is 950 and India is 940, The crude literacy rate is
T2.31%, and the male literacy rate (76.39%) is higher than the female
literacy (68.04%), The percentage of scheduled caste (5C) and sched-
uled tribe (5T) population to total population is 27.4%. This percent-
age is =50% in several sub-districts like Hingalganj, Basanti,
Sandeshkhali-1 & 11. IBD has the highest proportion (66.50%) of pop-
ulation aged 15-64 years which is reflected in the age dependency
ratio i.e. 0.51, which indicates the working-age population face a
moderate burden in supporting the non-working age population.
Total workforce in IBD is 6.54 million, and the male work participa-
tion rate is 57%, whereas the female participation is only 14%. Female
worlers are mainly engaged in houschold industries both in rural and
urban areas.

In IBD, 57% of the total population live in rural areas [46,122].
They are mainly dependent on agriculture, working as cultivators
and agricultural labourers. Around 32% of 1BD inhabitants are ex-
tremely poor [47,48]. The total cropped area during 2010-11 was
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0.59 million ha (42% of total area) [49]. The average size of land hold-
ings is 0,61 ha. Overall soil conditions are favourable for agricultural
activities, but the saline so0il of South 24 Parganas district is consid-
ered uneconomical [50]. The presence of several rivers, crecks and ca-
nals is beneficial to the cropping pattern of this delta. The major crop
grown in the delta is rice. The yield rate of rice is 2698 kg per hectara
in North 24 Parganas and 2322 kg per hectare in South 24 Parganas
[49]. Gradual increase in soil salinity forced erop farmers o choose
salt tolerant cropping practices instead of rraditional cultivation prac-
tices. Along with agriculture, rural people practice multiple secondary
livelihood activities such as aquaculture, honey collection, boat main-
tenance and net making [51].

The Indian Bengal Delta is highly sensitive to climate change im-
pacts including sea level rise, coastal erosion, salinization, frequent
eyclones, and floods [45,52] (Fig. 2). In the past three decades, the
Relative Mean Sea Level (RMSL) has rizen to the order of 8 mm [53]
to 12 mm [54] per vear in the Bay of Bengal. The rate is significantly
higher than earlier observations and also considerably higher than
the global mean (3.2 mm per year). With accelerated sea level rise
and subsequent changes in the hydrodynamic regime, the TRD faces
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Fig. 2. Cyclone tracks on IBD in the last 10-15 years.
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severe land loss, Among 102 islands, 3 islands, viz. Lohachora and
Suparibhanga and New Moore (Purbasha) [54,55] are already sub-
merged in the western region of the delta. Severe coastal erosion is
being observed in several other islands- Ghoramara, Sagar, Mousuni,
Jambudwip, Namkhana, G-Plot, Dhanchi, Buleheri, Dulibhasani,
Dalhousie, Bhangduni islands and coastal villages [56-59], The entire
populations of the villages of Khasimara, Baisbanpara, Khasimara
Char, Lakshmi Narayanpur and Baghpara of Ghoramara island had
o leave its usual place of residence and seek refuge in nearby islands
such as Sagar [28,56,60,61]. Recent studies suggest that in Mousuni
island 224 families are likely to be displaced within the next 5 vears
due to the impacts of coastal erosion [59]. The Bay of Bengal normally
registers 7% of the major evelones of the world [62] and the frequency
of high to very high intensity cyclones has increased between 20% to
26% in the last 120 years [63,64].

Intense cyclones such as Aila (2009), Bulbul (2019), Amphan
(2020) as well as severe floods have caused massive devastation o
coastal regions. For example, in May 2009, cyclone Aila hit as many
as 34 sub-districts, 16 urban local bodies, and 3704 villages in the
IBD damaging 380 thousand houses and impacting almost 2.45 mil-
lion people and 0.12 million hectares of agricultural area [47]. Cy-
clone Amphan, which made landfall on 20th May of 2020, has
barrelled through the IBD at wind speeds of up to 190 kmph and
heavy rains, destroyed the river embankment across the Sundarban
which has led to salt water entering the land (Fig. 2). Home dwellings
and infrastructure rebuilt after eyclone Aila have been lost due to the
most recent cyclone. The areas worst hit by Amphan are Ghoramara,
Kakdwip, Namkhana, Sagar and Patharpratima. In the aftermath of
the cyclone, it is estimated that =0.2 million farmers could be severely
affected, potentially triggering a wave of human migration from the

IBD.
3. Vulnerability and risk: linking new concepts

The Intergovernmental Panel on Climate Change (IPCC) defines
vulnerability in the Fourth Assessment Report (AR4) as ‘the degree
to which geophysical, biological and socio-economic systems are sus-
ceptible to, and unable to cope with, adverse impacts of climate
change, including climate variability and extremes’ ([31], p.783).
The term ‘vulnerabilicy” in AR4 is used to refer to the vulnerable sys-
tem itself (e.g. low-lying islands or coastal cities); and the impact to
this system (e.g. flooding of coastal cities and agricultural lands)

Natural
Variability

Hazards

CLIMATE

Anthropogenic
Climate Change

-
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[65]. According to IPCC AR4, vulnerability is a function of three fac-
tors which are exposure, sensitivity, and adaptive capacity [12,65].
Exposure in AR4 is the magnitude and duration of the climate-related
stress such as a drought or change in precipitation, whereas sensitivity
is the degree to which the system is affected by the climate related
stress or extreme events. Adaptive capacity in AR4 refers to the
system's ability to withstand or recover from the extreme events/dam-
age [12,40,65,66].

V= f(E 8 AC)

where, V = Vulnerability, E = Exposure, § = Sensitivity and AC =
Adaptive Capacity.

[t has o be noted that the adaptive capacity of a system determines the
vulnerability by modulating exposure and sensitivity [67].

The Fifth Assessment Report of the IPCC (ARS) introduces a new ap-
proach and terminology. This approach is similar to the concept of
disaster risk, which differs from the current understanding of vulnerability
as mentioned in the IPCC AR4 [40]. According to IPCC ARS, risk is ‘the po-
tential for consequences where something of value is at stake and where the
outcome is uncertain, recognizing the diversity of values, [t is often repre-
sented as the probability of occurrence of hagardous events or trends mul-
tiplied by the impacts if these events or trends occur” ([1], po 1048). The
term “risk” is used primarily to refer to the risks of climate-change impacts
[22] (Fig. 3).

R=f(HEV]

where, B = Risk, H = Hazard, E = Exposure, and V = Vulnerahility.
The terms ‘exposure’ and “vulnerability’ are common but used dif-
ferently in TPCC AR4 and ARS. According to IPCC AR5, exposure is ‘the
presence of people, livelihoods, species or ecosystems, environmental
functions, services, and resources, infrastructure, or economic, social,
or cultural assets in places and settings that could be adversely af-
fected” ([1], p. 1048) and vulnerability is ‘the propensity or predispo-
sition to be adversely affected’ ([1], p. 1048). Vulnerability in ARS
includes the concepts of sensitivity (susceptibility to harm) and adap-
tive capacity. Hazard is a new term in AR5, defined as ‘the potential
occurrence of a natural or human-induced physical event or trend or
physical impact that may cause loss of life, injury, or other health im-
pacts, as well as damage and loss o property, infrastructure,
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Fig. 3. The contriburting factors of risk.
[Adapted from IPCC ARS, 2014, P.1046.)
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Fig. 4. General logic of two different approaches (IPCC AR4 & ARS),

livelihoods, service provision, ecosystems, and environmental re-
sources'([1], p. 1048).

In both TPCC's AR and ARS working definitions it is clear that vul-
nerability and risk include an external element, which is climate-related
stress (e.g. extremes weather events) represented by the “exposure™ ac-
cording to AR4 and “hazard” in ARS, as well as an internal element,
which comprises “sensitivity™ and “adaptive capacity™ in AR4 and “ex-
posure” and “vulnerability™ in ARS, The internal element describes the
moderating attributes (socio-economie, physical or environmental) of
the system. It can be said that the terminology emploved in both the
IPCC assessment reports is different but the basic underlying assump-
tions follow a similar logic (Fig. 4).

4. Methodology and materials

The construction of an index based on specific sets of variables is
commonly used in quantitative approaches to assess vulnerability
[32,34]. Previous studies have employed a wide range of methods
based on IPCC contributing factors - exposure, sensitivity, and adaptive
capacity to quantitatively assess vulnerability at different scales
[12,26,39,40,66,68-71]. In this study, vulnerability and risk indexes
have been constructed at the sub-district level using the data reduction
technique - ‘Principal Components Analysis’ (PCA) using the Statistical
Package for the Social Sciences (SP5S) software version 22 (Fig. 5). A
similar approach has been used in previous studies on vulnerability as-
sessment [37,71-82]. PCA is the most commaon statistical method used
to extract a smaller and more coherent set of uncorrelated (orthogonal)
components from a large number of variables [83]. First component ac-
counts for the largest possible amount of variation in the original vari-
ables, and each following component accounts for as much of the
remaining variability as possible [80,83,84].

Based on the [PCC AR4 and ARS working definitions, the method-
ological frameworks of vulnerability and risk have been designed for
this study. The term “vulnerability” in ARS has been divided into ‘sen-
sitivity” and “adaptive capacity’ for the simplification of the methodo-
logical framework of risk. In other words, risk is the function of four
factors which are hazard (H), exposure (E), sensitivity (5) and adap-
tive capacity {AC).

4.1, Selection of variahles

Based on a comprehensive review of the literature and available sec-
ondary data sets, 33 theoretically important and policy-relevant bio-
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Selection of Variables

Test the Appropriateness of — Multicollinearity
Principal Component Sampling Adequacy
Analysis Identity Matrix

Input — Correlation Matrix

Extraction Method — Principal Component Analysis
Rotation - Varimax with Kaiser Normalization

Eigen value = 1

IPCC Contributing Factors
using Eq. [

Normalization
using Fg. 2
Vulnerability (AR4) !
using Fg. 5 = Index

Risk (ARS)
» using £g. 6

Fig. 5. Methodological framework of wulnerability (AR4) and risk (ARS)
ASSESSMEnEs.

physical and socio-economic variables have been selected under ten
major components (coneepts) - climate variability, natural hazards, de-
mographic profile, socio-economic status, livelihood activity, human re-
SOUNCE CApacity, economic security, infrastructure, basic facilities and
agricultural livelihood strategies (Tables 1 & 2). The first two major
components are related to the external element which in the AR4 is cat-
cgorized as exposure, and as “hazard” in the AR5, Climate variability has
been measured by the average standard deviation of the monthly - max-
imum and minimum temperatures and precipitation over last 30 years,
Frequent cyclones, floods, coastal erosion are the major environmental
stressors in 1BD therefore these have been used to measure the second
major component namely natural hazards, The data sources of cli-
mate-related stress or extremes events are National Remote Sensing
Centre (2003-2014), Indian Meteorological Department (1951-20147,
United States Geological Survey (2001 & 2011).

In addition, eight major components show an internal element,
which comprises sensitivity and adaptive capacity in AR4 and expo-
sure and vulnerability in AR5, In terms of socio-economic resources
(e.g., low-income groups, rural population, illiterates and females)
and physical mobility (e.g., children, aged, and disabled persons) peo-
ple whao are disadvantaged are often considered to be the most vulner-
able to climate change impacts. Females have more challenges to
overcome from the disasters compared to males due to family care re-
sponsibilities, sector-specific employment, and lower wages [37].
Rural population are more vulnerable due to low incomes and greater
dependency on natural resources [26]. People whose main livelihood
is dependent on agriculture are severely impacted by climate variabil-
ity and natural hazards [37]. It is noted thar a few variables like pop-
ulation density, rural population and agricultural dependents have
been considered as exposure in ARS and as sensitivity in AR4. Mar-
ginal workers have work for <6 months in a vear, are economically
disadvantaged people [98]. Poverty is a variable that captures lack
of aceess to resources and income opportunities [97]. On the other
hand, literate people who are working in the formal sector have access
1o early-warning information and can plan in advance how o respond
to climate related stress or extreme events [37,102,113]. Access to
sanitation, safe drinking water, electricity, and infrastructures such
as road density, health and educational institutes determine the abil-
ity of the system to respond to and recover from the impacts of ex-
treme events [109). The socio-economic data sets used in this study
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Table 1
A detailed description of the selected variables for vulnerability and risk assessments.
5L no.  Concepis variables Explanation of variables TPLL References
contributing
factors
1 Climate Maximum Standord deviation of the average daily moximum temperature by month last 20 year is averaged El [1285]
wariability temperature
2 Minimum Standard deviation of the average dadly minimum tempersiure by month Lt 30 pear i averaged Ez [1ZE5]
temperature
a Average Standard deviation of the average monthly precipitation ks 30 year i averaged EX [1:2.685,86]
precipitation
4 Matural Flisod Percentage of area inundated with high retum period Aood during last 10 years E4, H1 (12,39 86-91]
5 hazards Cyclone Interpolated (kernel density estimation) wind speed (myg) of wopdeal cycbone over last six decades  ES, H2 [1:292]
[ Constal ercsion Rate of coastal erosion (sq. km/year) E&, H [92.93]
7 Demographic Population Mumber of people per square kilometre 51, EX1 [73.94]
profile dersity
B Average Average number of people per household 52, 551 [37.95]
household siee
k] Female Percentage of fernale population to tal popalation 513, 552 [37,30,73)]
papulation
m Child popalation  Percentage of population under 7 vears sge (06 age group) to okl population 54, 853 [37,39]
11 Bocio-economic  Socially Percentage of scheduled caste and scheduled iribe population to total population 55, 554 [59]
EET disadvaniaged
pecple
12 Food insecurity Percentage of households that can manage less than one or one square meal o day for the major part 56, 555 [¥5.85]
of the year
13 Land holding Percentage of houscholds without land holding 57,556 [59
14 Poverty Percentage of population living below the poverty line (BPL) 58, 557 [26.37,96,57]
15 Bural population  Percentage of rural populstion to iotal popukation 80, EX2Z [26,37,77]
16 Livelihoad Agricultural Percentage of cultivators and agriculiural labours (dependent on agricaliure) to total working 210, EXZ [37.B5]
activity dependency pupulation
17 Marginal workers  Percentage of marginal workers (nol work for the major part of the reference period e <6 months) 511, 558 ]
o botal working population
18 Non-workers Percentage of total non-workers (not work at all in any economically productive activity - students, 512, 559 [73.99,100]
(dependents) persons engaged in household duties, dependents) to total population
19 Humin Literacy rate Percentage of literates to the total population age 7 years and above Al, ACL [101.102]
20 resource Waork Percentage of wotal workers (main and macginal] o ofal population AL ACT [1o3]
capacity participation rate
21 Beonamir Salaried joh Percentage of population working in organised formisl sector Cregular salaried employed) Ad, AC [104]
22 sEcurity Home cwnership  Percentage of howseholds have their own home Ad, ACA [37.82]
23 Howselwld assets  Percentage of howselwldds have household assets AS, ACS [25,59,90,105]
24 Infrastructure Pucea houses Percentage of howseholds living in Pucca honses {permanent struciire) A, AR [54]
a5 Health care Murmber of health care centres AT, ACT [105a]
centres
26 Educational MNumber of educational institates AR, ACH [107]
institutes
xr Foad density Length of roads (in km per sq. km AG, ACH [10)
28 Bamic fociliies  Somitation Percentage of howseholds have sanitation facility within premises AL, ACLD 10
29 Electricity Percentage of howsshelds have electricity connection All, ACLY [0, 109]
30 Sate drinking Percentage of howseholds reporbed tap water from treated source as main source of drinking water  A12, AC1L2 |11
waber
31 Agro livelihood  Crops MNumber of crops grown in a year Al3d, ACLE [z
a2 sirategies Irrigation Percentage of irrigated area to total cultivated area Ald, ACL4 [111]
aa Fertilizer Mumber of fertilizer depots AlS, ACLS [112]

IPCC AR4: E - exposure, 5 - sensitivity, A - adaptive capacity; IPCC ARS: H - hazard, EX - exposure, 55 - sensitivity, AC - adaptive capacity.
All the variables are showing the positive { +) functional relationship with IPCC contributing Factors which means the higher the value, higher the hazard/exposure/sensi-

tivity “mdaptive capacity.

are available in Census of India (2001 & 2011), Burcau of Applied Eco-
nomics & Statistics (2011), United Nations Development Programme
-India (2000 & 2010).

4.2, Testing the appropriateness of principal component analysis

All variables are measured at the interval-level. The initial analysis
revealed that some of the socio-economic variables are highly corre-
lated with each other. For example, ‘agricultural dependency’ is
highly correlated with ‘landholding”, *Pucca houses’ is correlated
with “electricity’ and “houschold assets’. It is very difficult to deter-
mine the unique contribution to a component of the highly correlated
variables. To address this limitation, the list of variables has been re-
duced to 29 variables in AR4 framework by removing redundant var-
iables (r = =0.8) to avoeid multi-collinearity (highly correlated) and
singularity (perfectly correlated). In the case of ARS framework, 28

variables have been considered by excluding the correlated variables
(Table 3). The issue of multi-collinearity can also be identified by
looking at the determinant of the R-martrix (|R|), which should be
=0.00001 [B4].

In the present study, the sample size is 51 sub-districts of 18D, The
subjects-to-variables (STV) ratio is different for the different contrib-
uting factors indicated in the IPCC framework but it is not lower
than 3 (3:1 ratio) [114]. Histogram, box plot and descriptive statistics
have been used to identify the outliers in SPSS software. The Kaiser-
Meyer-Olkin (KMO) test [115] has been used to measure the sampling
adequacy and also to detect multi-collinearity in the data. Using the
Bartletr's Test of Sphericity [116], another test of the strength of the
relationship among variables has been performed, and this tells
whether correlation matrix is considerably different from an identity
matrix [80]. Results across all tests suggest that principal component
analysis is an appropriate approach to interrogate the data.
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Table 2
Diescriptive statistics of the selected variables for sulnerability and risk assessments.
variahles Ramge Mean Sud. deviation
1 Baxirmum lemperature 0.14 0.43 0.02
2 Minimum emperamnire .08 0.41 0.0z
3 Aversge precipitation 12017 301.60 22.68
4 Flood 1.00 0,13 0.20
5 Cyclome 1.o0 0.59 032
B Coastal erosion 1.00 0.07 0.18
) Populition density 4HLT. 34 166221 Aa64.01
B Average household size 1.20 A.50 0.9
9 Fernale population 1.29 48.7H 024
1 Child population B.52 12.29 1.64
11 Socially disadvantaged people G205 3343 15.56
12 Food insecurity 16.11 4,54 2.86
13 Without land holding 6301 60,67 13.46
14 Poverty 5B.45 3.76 13,30
15 Rourasl population 76,01 R5,00 19,00
16 Agricultural dependency 70.10 44.47 18.62
17 Marginal workers 4496 28.29 12.33
18 Mon-workers 20.25 b3.69 .09
19 Literacy rate 19.20 Fr.A0 4.76
20 ‘Work participation rate 16.42 36.23 2.82
21 Salaried job 2414 13.23 5.26
22 Home ownership 17,40 94,86 348
23 Hounzehold assets .50 061 078
24 Pucca houses 460 47.76 21.63
25 Health care centres 1300 6,00 .50
26 Educational institutes ShR0.00 5l6.69 135.0%
7 Raoad density 10.21 1.54 1.70
2B Sanitatbon 65.40 6717 17.48
29 Electricity BE.BD 4385 23.39
30 Sale drinking water E4.00 14.21 18.67
31 Crops B5.71 49.58 23.58
a2 Irrigation 03.50 40,11 23,51
a3 Fertilizer Iri.on 95.27 82,33

Valid cases (N) = 51.

4.3, Principal component analysis and final calculation

The correlation matrix has been used as an input to PCA to extract
the principal components, as the variables are not standardized [80].
Only those components with an eigenvalue (the variances extracted
by the components) =1.0 have been retained using the “eigenvalue-
greater-than-one” rule proposed by Kaiser [117]. The varimax (or-
thogonal) rotation has been opted to improve the interpretability of
components [84]. For the computation of a composite index, compo-
nent score coefficients have been estimated. Component scores are
the scores of each case, on cach component,

To caleulate the value of the contributing factors indicated in the [PCC
for all the sub-districts, component score coefficients are multiplied by
the proportion of the corresponding compaonent's variance and summed
these products in SPSS software [80]. The value of contributing factors
has been caloulated using the formula:

CF = E[F:‘_.-"T'I-"] + F5i [

where, CF is an contributing factor (hazard, exposure, sensitivity and
adaptive capacity), F; is the percentage of variance explained by each
component (i), TV is the total variance explained by all the retained
components, F5i is the component score coefficients on each
component (i),

The value af the CF can be positive or negative, making difficult to use it
for final calculation, It is necessary to normalize all the CFs to ensure that
they are comparable. This has been carried out using the methodology de-
veloped for the calculation of the Human Development Index [118]. The

equation is expressed as;

. 1Xi— Min Xj)
M= 1 Max Xj— Min X)) (2)
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where Xij is the normalized value of CF (j) with respect to sub-district (i), Xi
is the actual value with respect to sub-district (i), and Min Xj and Max Xj are
the minimum and maximum values, respectively, of CF (j) among all the
sub-districts,

The normalized value ranges from O to 1. The next step after
normalization is to combine all the normalized CFs into single compos-
ite index.

According to the framework proposed by Fussel and Klein [33], ex-
posure (E) and sensitivity (8) together compose the porential impoce
(P11, while adaptive capacity (AC) is the potential of a system to
cope with these impacts,

PI=Ex§ (3)

It can be said that people who live in exposed areas and are also
sensitive to climate change impacts are likely to become a ‘potential
vulnerable group’. This potential vulnerable group can be divided
into two - with and without adaptive capacity. The latter part will be
an immediotely velnerable group, as they cannot cope with climate
change impacts [39]. In other words, a system is more vulnerable if
it is exposed and sensitive to the impacts of climate change and has
only limited,/no capacity to adapt,

Vulnerability therefore can be expressed with the following mathemat-
ical equarions:

V=PI—Pl=AC (11]
ar,
V= PI1—AC) (5)

Eq. (5) has also been employed in the final calculation of risk, where
‘potential impact’ is the combination of hazard, exposure, and sensitivity
(Fig. 6.

R=H=ExS5{1-AC) (B

The final value represents current valnerability and risk of [BD in
changing climate conditions. The value for vulnerability and risk in-
dexes ranges from O to 1, with higher values reflecting higher degree
of vulnerability and risk. Finally, the entire range has been equally di-
vided into five categories and each is assigned a qualitative indicator
of vulnerability and risk (from very low to very high). In order to visu-
alizge and analyze the results in a geographic context, two separate
maps have been prepared using ArcGIS software (10.5),

5. Results and discussion

IBD inhabitants are facing multiple challenges associated with cli-
matic hazards and under-development. Cyelone, coastal erosion/em-
bankment breaching and fooding are the hazards that affect the
delta region quite frequently, The low intensity cyclonic disturbances
originated in the Bay of Bengal occur almost every yvear and severe cy-
clonic storms like Aila-2009, Bulbul-2019, and Amphan-2020 also
make landfall in the delta from time to time. In most cases, saline
floods are the result of embankment breaching and storm surges,
Results derived from the analvsis of multi-hazard data (flood, cyclone,
and coastal erosion) of IBD suggest that coastal sub-districts such as
Gosaba, Basanti, Patharpratima, Kultali, Hingalganj, and
Sandeshkhali-II sub-districts are at very high risk. Another issue
which magnifies the risk in the region is economic vulnerability of
its inhabitants. The continuous degradation of natural resources and
unsustainable pattern of economic activity combine to increase local
poverty, which further exacerbates the existing vulnerability of this
delta. Monsoon dependent mono cropping economy prevails in most
of the physically vulnerable areas of IBD, with exception of multiple
crop practices in few places. Furthermore, limited access to markets
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difficult economic trade, which in turn creates poverty. Basanti,
Sandeshkhali 11, Sandeshkhali 1, Kulpi, Canning 11, Patharpratima,
MWambkhana and Kultali sub-districts have 45% of their population in
conditions of chronic poverty, This poverty is associated with food in-
security, malnutrition, illiteracy, lack of primary health services and
access to drinking water and sanitation facilities,

The spatial assessment of vulnerabilicy/risk in the delw is a crucial
element to consider, as it varies from place 1o place. Based on the re-
sults of PCA, vulnerability and risk have been estimated and mapped
for all the sub-districts of TBD (Table 3). In the vulnerability analysis
(AR4], two components have accounted for 75.37% of the total vari-
ance in the data of exposure, whereas three components of sensitivity
and four components of adaptive capacity have accounted for
73.96% and 73.80% of the total variance respectively. It is important
to note that the first component has explained the maximum variance
in the data,

For the first component in AR4, maxirmem and minimim tempenatire, av-
hold ssees, sanitation have shown markedly higher positive loadings, while
variables like landholding and home ownership have shown strong negative
Inadings. Loadings refer to the correlations between the varables and the
components, and they range from — 1 to + 1. The second component ex-
plains the variations in flood, cyclone, average household size, child population,
erop diversity, irgation. The third component explains female population,
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Vulnerability Riskflmpact

Fig. 6. IPCC contributing factors for final calculation of vulnerability (AR4) and risk
(ARS) indexes.

Table 3
PCA resulis for the Indian Bengal Delta: Varimax rotation facior matrix,
Variables Component (AR4) Component (ARS)
1 2 3 4 1 2 3 4

1 Maximum temperature O.755 —=D.474 M.A.
2 Minimum remperature O.El6
3 Average precipitation QB0
4 Flood 0.768 0843
5 Cyclone 0.881 .762
] Coastal erosion OLBES 0761
7 Populatiom density N.C. — 0959
B Rural population ML 0547
9 Average househald size 0,904 0921
mn Female popalation 0566 NG
11 Child population 0850 0921
12 Sockally disadvantaged people L4TE =408 ~D.689
13 Food insecurity 0.567 0703
14 Without land holding — 0925 — 0509 0,737
15 Poverty LGS0 0.480 .576 —0.415 1.541
16 Agricultural dependency 0.e11 0940
17 Marginal workers 0.T08 0.417 0643 —0.553
18 Mon-workers —0.506 n.a79 0810
19 Literacy rate 76T Same
20 Work participation rage 0.767
21 Salaried job MG
22 Homse ownership BTG
23 Household assets LEGE
24 Pucca houses N.C.
25 Health care centres 0.520
26 Educational institutes 0777
7 Rkl ddensity (.768
28 Samitation 0762 0,455
29 Electricity LA59 0.544
3n Safe drinking waler [.83%1
a1 Crops D.857
32 Irrigathon 0.822 0.407
33 Fertilizer 0514
Percent of variance Exposure 45217 30167 Hizard 62.312

Sensitivity 33969 23.785 16.207 Exposure 90.076

Adaptive capacity TR0 16,650 15.009 15.035 Sensitivity 1978 24720 17.349

Extraction method: Principal Component Analysis; rotation method: Varimax with Kaiser Normalization.

a. Adaptive capacity is same for AR4 and ARS.
b. Only eme component was extracted, The solution cannot be rotated.

N.C. = not considered {to avoid multi-collincarity issue); N.A. = not applicable (as per definition of hazard in [PCC ARS).

Suppress small coefficients (absolute value below 0.40).

Statistical tests: Kaiser-Meyer-Olkin Measure of Sampling Adequacy = 0,704, Determinant of Correlation Matrix = 0.00000; Bartett's Test of Sphericity = 0,00 (Significant);

Communalities (Average) = 0.750.
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Fig. 7. a, Top 10 most vulnerable sub-districts in the Indian Bengal Delta, b, Top 10
highest risk sub-clistricts in the Indian Bengal Delta.
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road density and safe drinking woter. The fourth component which is mainly
related to adaptive capacity explains work participation rate and educational
irstituites.

The results based on risk analysis (ARS) approach reveal a slight differ-
ent seenario. One component has explained 62.31% of the variance in the
data of hazard and 90.08% in case of exposure, For sensitivity, three com-
ponents have explained 74.05% of the variance. Adaptive capacity is
same as in vulnerability analysis (AR4). Flood, constal erosion, mverage house-
hold size, child population, rural population, agricultural dependency have
shown higher positive loadings and population density has shown negative
loadings. The second component explains the variations in landholding,
non-workers and third component explains food insecurity, fermoale poprdartion,
It is understood that eight variables largely determine the contributing fac-
tors of vulnerability and risk are flood, coastal erosion, agricultural depen-
dency, average household size, londholding, household assets, sonitation, and
rueral popidation,

The climate change impact hotspots (vulnerability and rsk) have been
identified at the sub-district level considering both the IPCC working defi-
nitions of AR4 and ARS (Figs. 8 & 9).

Fig. 7a and b shows the influence of the contributing factors indicated
by IPCC on top 10 most vulnerable sub-districts (AR4), and top 10 highest
risk sub-districts (ARS). Coastal sub-districts like Gosaba, Basanti,
Sandeshkhali-IT, Kultali, and Patharpratima are at greatest risk/vulnerabil-
ity due to both higher sensitivity and lower adaptive capacity.

The results indicate that the majority of the vulnerable commumnities ane
living in the marginal areas of the delta (Figs. 8 & 9). Basanti is assessed as
the most vulnerable sub-district according to the AR4 approach whereas
Gosaba is found to be exposed to highest risk based on the ARS method.
Both are spatially contiguous and geographically similar, Basanti is bor-
dered by vulnerable sub-disrricts Canning-11, Sandeshkhali-1T and Gosaba
and Sundarban forests. Gosaba is the last settlement at the margin of the
deep forests of the Indian Sundarban. Limited livelihood opportunities,
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Fig. 8. Vulnerability map of Indian Bengal Delta (following the IPCC AR4 approach, 2007).
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Fig. 10. Sub-district level relative ranking of Indian Bengal Delta.
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poor socio-econamic and institutional resilience, and increasing bio-physi-
cal vulnerabilitics combine to make these two sub-districts the most vulner-
able and exposed to highest risk in the IBD [123]. Other vulnerable (AR4)/
highest risk (AR5) sub-districts are Sandeshlkhali-1 & 11, Hingalganj, Can-
ning-II, Kultali, Patharpratima. These sub-districts have maximum vulnera-
bilitv/risk, and have the potential to be adversely affected by climate
change, where focused adaptation measures are immediately needed. The
least vulnerable sub-disiricts (AR4) are Barrackpur-l & [1, Barasat-I1,
Budge-Budge-1, Bishnupur-IT and lowest risk sub-disiricis (ARS) are
Barrackpur-1 & 11, Budge-Budge-1, Thakurpukur-Maheshtala, Bagdah, All
sub-districts are closer and connected to Kolkata city and fall within the Kol-
kata Metropolitan Area (KMA) which results in greater advantages in terms
of livelihood opportunities and access to frontline services. It can be noted
that local governance plays an important role to deal with these variations
of vulnerability,/risk as this requires local knowledge to target adaptation or
mitigation interventions,

The most significant difference between the resulis of the AR4 and ARS
approaches is the change in sub-district level relative ranking (Fig, 10). The
overall level of vulnerability,risk (very low 1o very high) is almost the iden-
tical for all the sub-districts (Figs. 8 & 9). This result suggests a link between
the new concept of risk (ARS) and the existing concept of vulnerabilicy
(AR4). It can be noted that the concept of exposure or system (people, live-
lihoods, etc.) in ARS is more adequate to identify the vulnerable commumi-
ties in any areas. This is considered as an advantage of ARS over the AR4
framework.

6. Conclusions

This study provides a representation of the risk of a coastal region fol-
lowing the IPCC ARS approach. Applying the IPCC AR4 and ARS frame-
works to the same data set, two different sub-districts located in the IBD
delta have been identified to be the most vulnerable or exposed to highest
risk. Interestingly, the two sub-districts are spatially contiguous and zeo-
graphically similar, This is also similar for other sub-districts of IBD. The
difference between the results of the AR4 and ARS approaches is the change
in sub-district level relative ranking, This suggests a link between the new
concept of risk (ARS) and the existing concept of vulnerability (AR4).

The focus of the IPCC ARS i on the system (exposure] and not on the
impact(s) of hazard on the system. This is considered as an advantage of
ARS over the AR4 framework. The concept of vulnerability in ARS is pre-
sented as not-dependent on exposure and hazard [119], TPCC ARS frame-
work helps o identify the adaptation measures based on the current
weaknesses of a system, and also shows the climate-resilient pathways
that can reduce the climate change impacts [120]. It can be said that
IPCC ARS offers a robust approach for vulnerability and risk reduction
under an uncertain future,

This study can help to prepare location specific emergency plans/re-
sponses to combat hazards associated with climate change and variability.
These responses could be in the form of implementation of a forecasting
system for extreme weather events in combination with grass root dissem-
ination of these forecasts, The construction of multipurpose cyclone and
flaod shelters would help improve the resilience of impacted communities.
Other response strategies such as retreat and realignment of embankments,
mangrove plantations, introduce sluicing of smaller creeks could be also im-
plemented at the local level,

Scaling up existing central and state government schemes by mecha-
nigms such as sustainable agricultural practices, diversification to off-farm
activities, seasonal employment schemes in agriculture to support to
farmers/marginal workers and create alternative and sustainable livelihood
options in rural areas, with a special focus on women and youth, can also be
fundamental to reduce the present inherent vulnerability of a system. By
doing so, it will also address the socio-economic and environmental issues
that threatens the lives of the inhabitants of in climate-sensitive areas of
IBD and drives distress migration as a response to recurrent extreme events
such as cyclones, floods. In situ responses such as safe drinking water, san-
itation facilities, primary health services, multiple livelihood options
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through skill development projects, eco-tourism development may help to
improve the standard of living of residents and reduce the overall
vilnerability and risk.
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