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Abstract

The present study attempts to develop indices, indicating the wvulnerability to climate
change/environmental hazards, for Indian cities located in different bio-climatic zones. The
indices generated in the study are based on socio-economic variables and provide a basic
overview of the potential vulnerabilities faced by these cities in the context of climate disasters.
Eleven cities located in six different bio-climatic zones have been studied. Various indicators of
socio-economic vulnerability have been compiled and segregated into the following major
components: infrastructure, technology, finance, social and space. This approach of segregation
can aid identification of developmental needs essential for minimizing vulnerability. The proxy
indicators have been standardized and agglomerated to obtain the respective major components.
These components, thereafter, have been combined to obtain the overall vulnerability index. The
indices are on a scale of 0-10. The results reveal that, among the selected cities, Jaisalmer is the
most vulnerable and Pune is the least vulnerable. Further, the technological and financial indices
vary significantly among the eleven cities, but their social capability and infrastructure are
comparable. This index can assist in keeping track of vulnerability and planning disaster resilient

cities.
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1. Introduction

Cities are urbanized hubs of a state or country and reflect, to some extent, the degree of
development in that state or country. Cities contribute crucially to the economy of a country.
About 60% of the total GDP (Gross Domestic Product) of India is from urban areas (PRIA,
2013). Thus, cities are extremely important. Any disturbance like a natural hazard on a city has
the potential to stagnate a state or a country until it is recovered to its normal circumstances.
IPCC (2007) predicted that climate change will lead to increase in the frequency of extreme
events such as heat waves, droughts or floods. IPCC (2012) has mentioned that, by the late 21
century, there can be increase in length and frequency of warm spells/heat waves and
precipitation, and hazards such as droughts, floods and sea-level rise. Cities, generally, have a
high population growth rate and are the most populous centres of a country. Thus, vulnerability
extends to a large population in case of a hazard in a city. High population growth also strains
existing infrastructure and natural resources, exaggerates the sprouting of informal settlements
(Stephenson et al., 2010) and hampers planned development. This handicaps a city’s coping
capacity by impeding sound disaster resilient planning and thereby, might increase its
vulnerability in case of an environmental hazard. Cities are considered to be contributors of the
climate change problem as well as receivers of the problem (Bulkeley, 2013). This problem is
aggravated in rapidly growing cities of developing countries like India. There is lack of
governance, infrastructure, and economic and social equity leading to insufficient coping

mechanisms in case of a calamity (UN Habitat, 2011).

Socio-economic Vulnerability Assessment involves assessing the vulnerability of a region to a
hazard based only on its social and economic status. It is the probable vulnerability of a place to
a hazard. It is assumed that better the socio-economic status of a place, lesser will be its
vulnerability towards disasters, and better and faster will be its coping mechanisms. Indicators of
social and economic status can include the region’s per capita income; percentage of less
privileged or dependent population like children, elderly and disabled; availability and extent of
access to public amenities, etc. These assessments can be based on primary (Hahn et al., 2009) or
secondary (Cutter et al., 2003) data. Social and economic inequalities lead to socio-economic
vulnerability (Cutter et al., 2003).



An index-based vulnerability assessment is a comprehensive tool that helps in comparing and
ranking areas in terms of vulnerability (Kelkar et al., 2011). Many studies have applied this
approach. Rankings are developed by combining indicators. These indicators can be economic
well-being and stability, demographic structure, institutional stability and strength of public
infrastructure, etc. These indicators are given different weightage depending on its contribution
to the area’s stability/vulnerability. Indicators are manifestations of multi-dimensional factors.
Composite indices are complex information from multiple variables reduced to a single variable.

This makes indices a simple and useful decision-making tool (Kelkar et al., 2011).

Climate change can change the frequency of extreme events; and many hazards such as floods,
droughts and coastal inundation and flooding have the potential to increase in the future (IPCC,
2012). Chaturvedi et al. (2012) have projected increase in temperature and precipitation in India
by the end of the 21% century. This study aims to capture the socio-economic vulnerability of 11
Indian cities to varied climate or environmental hazard. The study attempts to conceptualize
vulnerability as a function of the cities’ socio-economic characteristics. A composite index of
vulnerability has been constructed using a broad set of socio-economic indicators that are
relevant across a range of hazards that the cities might experience. This index can be used as a
simple tracking tool for vulnerability as most of the data used in the study is available for every
decade from Government sources. India, being a developing nation, this socio-economic index
can give valuable insights to identify the development needs that would contribute to minimizing

vulnerability.

2. Methdology
2.1. Study sites

The study sites are Indian cities which have been selected randomly from each of the six bio-
climatic zones of the country. It is assumed that all six of these bio-climatic zones are facing
different climatic hazards. Although no climate variable will be included to build the
vulnerability index, segregation according to these zones will help in comparing vulnerability
between cities lying in the same zone and facing similar hazards.

India can be divided into six different bio-climatic zones (Bansal and Minke, 1988 as in Nayak
and Prajapati, 2006) depending on the temperature and relative humidity experienced by the

region. The bio-climatic zones and the criteria for classification are presented in Table 1. The
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criteria conditions have to prevail in the region for at least six months for the region to be
classified in a bio-climatic zone. The cities selected from each of the six bio-climatic zones have
been listed in Table 2.

Table 1: Classification of Climate

Climate Mean monthly temperature (°C) Relative humidity (%)
Hot and dry >30 <55
Warm and humid >30 >55
Moderate 25-30 <75
Cold and cloudy <25 >55
Cold and sunny <25 <55
Composite This applies, when six months or more do not fall within any of the
above categories

(Source: Bansal and Minke, 1988 as in Nayak and Prajapati, 2006 )

Table 2: Cities selected from each of the six bio-climatic zones

Bio-climatic zones Region of India Cities selected

Hot and Dry Western and the central part of India Jaisalmer and Jodhpur
Warm and Humid Coastal India Mumbai and Chennai
Moderate Generally hilly or high-plateau regions Pune and Bengaluru

Composite

Central part of India

Delhi and Allahabad

Cold and Cloudy

High altitude regions

Shimla and Shillong

Cold and Sunny

Mountainous region

Leh (Ladakh)

(Source: Nayak and Prajapati, 2006)




2.2. Description of study area
2.2.1. Jaisalmer and Jodhpur

Jaisalmer and Jodhpur fall in the hot and dry climatic zone of India. Both the cities lie in the state
of Rajasthan located in the north-western part of India. The region experiences high temperatures
and heat waves during summer. Jaisalmer (456 persons/km?) has a very low population density
compared to Jodhpur (10828 persons/km?).

Jaisalmer and Jodhpur are prone to droughts (Poonia and Rao, 2013). The greater districts of
Jaisalmer and Jodhpur, in which the cities lie, have experienced several severe to moderate
agricultural droughts in the past (Narain et al., 2000). Jodhpur is also prone to lesser rainfall.
There has been insignificant changes in rainfall and temperature in Jodhpur, but a four-fold
increase in population has led to changes in land-use pattern and inordinate demand on ground

and surface water resources (Poonia and Rao, 2013).

2.2.2. Mumbai and Chennai

Mumbai and Chennai are metropolitan cities lying in the warm and humid climatic zone of India.
Both are coastal cities and have suffered floods in the past (De et al., 2013). In July 2005,
Mumbai experienced torrential rain, resulting in a severe flood which brought the city to a halt.
Mumbai is the capital of the state of Maharashtra located in the western part of India. Chennai is
the capital of Tamil Nadu, a state located the in south-east part of India. Chennai has the highest
population density among all the study sites followed by Mumbai.

Mumbai is prone to floods (Ranger et al., 2011). This can be attributed both to its natural and
man-made geography. Because of its natural geography, the city receives heavy and consistent
rainfall during the monsoon season. Man-made structures near the coastline prevents natural run-

off, leading to floods.



2.2.3. Pune and Bengaluru

Pune and Bengaluru lie in the moderate climatic zone and face urban floods. Pune is located in
Maharashtra and Bengaluru is the capital of Karnataka. Karnataka is located in south-western
India. They experience moderate summers and winters. Both the cities lie on the Deccan Plateau.
Pune (5903 persons/km?) has a lower population density than Bengaluru (19012 persons/km?).
Pune might experience increased frequency of floods in the future (English, 2012). Bengaluru is
prone to urban floods and water scarcity (1IHS, 2014).

2.2.4. Delhi and Allahabad

Delhi and Allahabad have a composite climate. Delhi is the capital of India located in the
northern part of the country. Allahabad is located in the northern state of Uttar Pradesh. These
regions experience severe summers as well as winters. They are plain regions.

Delhi is prone to floods, heat waves, cold waves and droughts (Panda, 2011 as in Prashar et al.,
2012). Allahabad shares the same fate and experiences floods, heat waves, cold waves and

droughts.
2.2.5. Shimla and Shillong

Shimla and Shillong have a cold and cloudy climate. Shimla and Shillong are capitals of the
northern state of Himachal Pradesh and north-eastern state of Meghalaya respectively. They are
hill stations. Both the hill cities have grown rapidly and have unsustainable land use pattern.
Shimla already has a declining rainfall trend (Jain and Kumar, 2012) and can have droughts in
the future. Shimla also faces floods and flash floods at times. Shimla has expanded in an
unplanned manner. The city’s infrastructure and its ill-management hamper the natural run-off of
water (UN Habitat, 2010).

Shillong also faces the same fate. It is prone to droughts as well as flash floods (Jamir et al.,

2008). Shillong already faces flash floods and cyclones.



2.2.6. Leh (Ladakh)

Leh has cold and sunny climate. Leh is a part of the state of Jammu and Kashmir, located in the
extreme north of India. No other region of India has such type of climate. It is located around
3,500 m above sea level. The region had faced severe flash floods in 2010. Leh experiences both

floods and droughts.

2.3. Selection of indicators

Indicators are useful for quantitatively denoting constructs which are measurable as well as for
representing latent constructs that are not directly observable (Hammond et al., 1995 as in
Vincent, 2004). Indicator selection for constructing the index is a vital component of index-based
vulnerability assessment. The selection of indicators can be based on varied and multiple criteria
in accordance with the context of the study. Setting the criterion and subsequently, the selection
of indicators can be deemed to be based on subjective judgement to an extent. The method of
selection might also vary. For example, some studies have selected indicators directly from the
literature (Hahn et al., 2009), some have followed the literature review with statistical data
reduction techniques (Cutter et al., 2003) and some studies have also used Delphi technique (i.e
taking experts’ judgement by questionnaire survey) to select indicators (Jun et al., 2013; Kim
and Chung, 2013). Sometimes, the selection might also depend on the availability of data.

In this study, the indicators have been chosen such that they can capture the socio-economic
capability of a city to face a natural hazard. These indicators can denote lack of access to
resources, lack of information and technology, physically limited individuals, etc. (Cutter et al.,
2003). The indicators in this study have been chosen on the basis of two studies by Cutter et al.
(2003) and Kelkar et al. (2011). Both of these studies have conceptualized vulnerability broadly
on the socio-economic set-up of their respective study sites. The study by Cutter et al. (2003)
made an in-depth literature review for selection of indicators. Kelkar et al. (2011) constructed an
index to assess the vulnerability of different Indian cities and is contextually similar to the
present study. Hence, it is assumed that these two studies have included a diverse and thorough
set of indicators which can be applicable to defining vulnerability of the selected cities in this

study. Even though Kelkar et al. (2011) have specifically focused on Indian cities, some of the



indicators used in the study have been excluded and additional indicators have been included in
this study. This is done to have a more comprehensive perspective of vulnerability as well as to
avoid repetition of similar indicators. Also, the above two studies have used a wide number of
variables. But, for this study, data on each variable used in the aforementioned studies were not
available. Hence, some variables could not be used because of data constraints. Also, some
variables were modified to suit the Indian context. For example, Cutter et al. (2003) have used
data on African-American, Asian etc. population assuming them to be the less privileged
sections of the society. In this study these variables have been replaced by percentage of
population belonging to scheduled caste and scheduled tribe category.

The IPCC (2007) defines climate change vulnerability to be composed of three factors:
sensitivity, exposure and adaptive capacity. While studying a socio-ecological system, like cities,
exposure variables generally quantify the vulnerability because of biophysical factors such as
changes in temperature, precipitation, etc. Sensitivity indicates or quantifies the extent to which a
system can be impacted by stressors or shocks because of its tenuous socio-economic or bio-
physical characteristics. Sensitivity is indicative of reaction of a system to stresses or shocks on a
shorter time-scale. Adaptive capacity generally quantifies the socio-economic characteristics that
enable to adjust or cope with changes. Many studies have adopted this approach to assess
regional vulnerability (Jun et al., 2013; Kim and Chung, 2013; Yoo et al., 2011). But there are
studies which have focused more on the socio-economic characteristics of the region and thus,
have undertaken different ways to categorize the mélange of indicators. For example, Kelkar et
al. (2011) had segregated their indicators into elements of natural, built, infrastructural, social,
human, governance, financial and technological. Similarly, Prashar et al. (2012) had segregated
their indicators into five categories, namely physical, social, economic, institutional and natural.
Rather than clubbing the whole lot of socio-economic variables under adaptive capacity or
sensitivity, these studies have further broadened the dimensions of socio-economic vulnerability
by this approach of segregation. Such segregation is instrumental in understanding and
recognizing the fundamental capitals/dimensions (Kelkar et al., 2011) that a city might be
lacking in, which is consequently resulting in increased vulnerability. This study also focuses on
the socio-economic characteristics that define the vulnerability of the cities. Hence, the indicators
in the present study have also been segregated in order to probe deeper into the different aspects

of socio-economic vulnerability. The five categories or indices (major components) in the study



are: infrastructure, technology, financial, social and space. The values of these five indices
represent the vulnerability of the city in these five aspects. These five categories were chosen for
classifying the indicators as it is assumed that they can significantly contribute in explaining the
developmental scenario and vulnerability of the cities. Segregating the vulnerability index into
these five dimensions will help in identifying the developmental needs in each of these cities.
The indicators used in the current study have been primarily drawn from two different studies
(Cutter et al., 2003; Kelkar et al., 2011). Hence, a slightly different approach of categorization
(compared to previous studies by Kelkar et al. (2011) and Prashar et al., (2012)) is followed to
accommodate all the indicators considered in the study. For example, Kelkar et al. (2011) had
used ‘per capita area under green spaces’ as well as ‘percent built-up area’ as indicators and
categorized them as natural and built, respectively. They also considered population density and
percent of population living in slums as indicators of built index. But the current study has
included ‘percent built area’ (which might be complementary to per cent open spaces) along with
two other indicators on population density and growth rate to quantify space index. Again, many
of the indicators in Prashar et al. (2012) were based on perception of the community about the
efficiency of amenities and services (eg. sanitation and waste disposal, good governance etc.). A
survey was conducted to collect primary data on the indicators. The current study aims to exploit
secondary data to construct a composite vulnerability index. Hence, the approach of selection of
indicators and categorization in this study also slightly differs from Prashar et al. (2012).

The variables (sub-components) contained in each of the five indices are listed in Table 3. These
sub-components are proxies for their respective index. It was assumed that all the indicators
considered are relevant for each city for a range of hazards and improvement in these indicators
will contribute to lower vulnerability. Infrastructure index consists of proxies about infrastructure
availability at the household level and city level, for example, percentage of dilapidated houses
and per capita expenditure in public amenities. Technology index talks only about
communication facilitating devices available at the household level. Financial index consist of
information about the per capita net district product, population availing banking services and
population who are employed as main workers. The indicators contained in infrastructure,
technology and financial index simply are measures of presence of basic necessities in a city,
which can contribute to physical and economic security of its residents from any stress or shock.

The study, however, does not necessarily assume that mere presence of these constructs is



equivalent to lower vulnerability. 11l planning and management of developmental activities might
increase vulnerability. For example, the space index gives information about the concentration of
population in a city and the lack of open spaces which can be a result of ill developmental
planning. The space index is a proxy for the extent of damage as well as the level of demand for
resources (like medical aid, food etc.) in case of a disaster. Social index consist of information
about the population who are physically and socially vulnerable because of inequity and
marginalization.

All the indicators are standardized to percentages except: population density which is in
persons/km?, hospital beds and public expenditure which are in per capita allocation. The third
column in Table 3 states whether there is an increase or decrease in vulnerability with the
increase in the value of the sub-component. The fourth column tries to reason the inclusion of
that index in the overall vulnerability index.

The required data have been collected from the Census of India (Registrar General of India, 2001
& 2011), economic reports of respective states, Bhuvan (ISRO’s geoportal), research papers, etc.
The entire 2011 census is not available to the public as of now, hence values for a few indicators
(total no. of beds/per capita, per capita expenditure in public amenities, population above 60
years of age, growth rate and population density) have been taken from the 2001 census. Data of
built-up area (indicator for space index) is of the year 2005-2006. Per Capita Net District
Domestic Product values are of the year 2010. We did not pursue statistical extrapolation of data
of 2001(or of other years) to obtain values for 2011, as the robustness of such methods is often
debated. This is one of the limitations of our study as we were constrained by data unavailability.
Hence, the results can be improved by using data of consistent years.

Because of city-level data unavailability and different governance structure of the cities, there
has been overlap of city, district and state data. Majority of the data is city level. District-level
data were used for domestic product; and percentage of disabled population, population above 60
years and female headed households. Also, most of the cities considered like Mumbai, Chennai
and Bengaluru, are whole districts. Hence, the use of district-level data is inevitable. Delhi is a
state as well as a city, hence state-level data have been used.
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Table 3: Indices and their sub-components

Index Sub-components (with Increase (+) or Remark
year of data in brackets) | decrease (-) in
vulnerability
Infrastructure | % of dilapidated houses + Poor private and public
(2011) infrastructure indicates poor
% of households having + economic status of the city

grass/thatch/bamboo/mud/
plastic/polythene/wood/no
mortar stoned, etc. wall
(2011)

% of households with
drinking water facility
within premises(2011)

% of households having
electricity (2011)

% of households having
toilet facility within premise
(2011)

% of households having
bathroom within the house
(2011)

% of households using LPG
(Liquefied Petroleum Gas)
for cooking (2011)

% of population having own
(not rented) houses (2011)

Total no. of beds/per capita
(2001)

Per capita expenditure in

public amenities (2001)

which in turn indicates poor
coping strength in case of a
hazard.

Some of the sub-components
of this index will increase the
vulnerability of a city and

some will decrease

Table continued on next page
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Index Sub-components (with Increase (+) or Remark
year of data in brackets) | decrease (-) in
vulnerability

Technology | % of the households having - Technological availability is
radio (2011) assumed to indicate better
% of the households having - information dissemination.
television (2011) They also indicate better
% of the households having - economic status of household.
internet (2011)

% of the households having -
telephone (2011)

% of the households having -
mobile(2011)

% of the households having -
mobile & telephone (2011)

Financial Per Capita Net District - Population with better finances
Domestic Product (NDDP) can access resources for coping
at Current Prices (2010) with a disaster. Also, their
% of households having - future is more secured and
banking services (2011) availability of finances help
% of main workers (2011) - them incur the losses after a
i.e. % of population having disaster.
employment for more than 6
months of the year.

Table continued on next page
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Index

Sub-components (with

year of data in brackets)

Increase (+) or

decrease (-) in

Remark

Social

vulnerability
% of female population +
(2011)
% of female headed +
households (2011)
% of population in SC +
(Scheduled Castes) category
(2011)
% of population in ST +
(Scheduled Tribes) category
(2011)
% of population below 6 yrs +
of age (2011)
% above 60 years of age +
(2001)
% of illiterates (2011) +
%  disabled population +

(2011)

In a society, there is inequity
among  different  groups.
Populations belonging to lower
castes, old age, disabled,
illiterates etc. are assumed to
be the weaker sections of the
society who either have less
access to resources or are
restricted by their physical
incapability.

However, inclusion of these
sub-components  does  not
denote that these sections of
the population are responsible
for a city’s vulnerability.
Rather, these are the vulnerable
sections of the population
because of a city’s social
structure and other factors like
infrastructure (eg. absence of
disabled friendly
infrastructure) and finances
(eg. absence of special
schemes for women) which can
result in their exclusion from
the mainstream.

Table continued on next page
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Index Sub-components (with Increase (+) or Remark

year of data in brackets) | decrease (-) in

vulnerability
Space % growth rate (2001) + More the built-up area, more is
Population density (2001) n the economic loss due to

damage. More the population
% built-up area (2005-06) * density, more the competition

for resources after a disaster.

All the sub-components of this
index will increase the
vulnerability of a city i.e. they
have positive contribution

towards vulnerability.

2.4. Vulnerability Index calculation

The calculation of index in this study follows the approach taken by Hahn et al. (2009) while
calculating the Livelihood Vulnerability index (LV1). The values for a particular indicator for all
the 11 cities are brought into relative terms by applying the same approach as that of the Human
Development Index (HDI) given by Anand and Sen (1994), which is the ratio of the difference of
the value for that city and the minimum, and the range of maximum and minimum value as
depicted in Equation (1) (Gbetibouo and Ringler, 2006, Turvey, 2007, Hahn et al., 2009, Patnaik
and Narayanan, 2009). This facilitates the next step of aggregation of indicators on different

scales.

index, = :C_ﬂ (1)

where s is the value of the indicator for city ¢, and Smin and Smax are the minimum and maximum
values, respectively, of the indicator among all the cities.
The index value of each sub-component indicator for each city is calculated in the above manner.

These sub-component indices are then combined to get the five different indices namely
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infrastructure, technology, financial capacity, social capacity and space. The values of these five
indices represent the vulnerability of the city in these five aspects. Higher the value of the index,
greater is its vulnerability in that aspect.

There have been different methods of aggregation of indices in the literature. Studies have
employed statistical analyses which have used results of methods, such as Principal Component
Analysis, as a means for aggregation (Easter, 1999; Cutter et al., 2003). Vincent (2004) chose not
to take an average and took the weighted (decided by experts) sum of sub-indices as the overall
index. Geometric (Moss et al., 2001; Brenkert and Malone, 2005) and arithmetic (Turvey, 2007,
Patnaik and Narayanan, 2009) mean have also been utilized for aggregating. Bhattacharya and
Das (2007) resorted to taking a combination of geometric and arithmetic mean. Geometric mean
gives priority to low-value indicators whereas taking an arithmetic mean for aggregation will
give a poor value only if all the contributing variables are poor (Bhattacharya and Das, 2007).
The present study uses arithmetic mean for aggregation.

Studies in the past have also followed different methods of assigning weightages while
formulating indices, ranging from giving equal weightage (Turvey, 2007) or unequal weightages
(Vincent, 2004) based on expert judgements or subjective decisions, to employing statistical
analysis (Cutter et al., 2003, Gbetibouo and Ringler, 2006). Since there are a manageable
number of variables in each of the major components, data reduction statistical techniques are
not pursued in the study. Rather, equal weightage is given to each indicator and a simple average
is taken to compute the major component.

Some of the sub-components considered contribute to the increase of vulnerability, whereas
some contribute to its decrease. Thus, the approach towards calculating the contribution of each
of these sub-components is different.

In case of social capacity index and space index, all the sub-components contribute to the
increase of vulnerability. Hence values of the respective sub-component indices are simply

added and then averaged to get the overall social capacity index and space index (Equation 2).

Vv > index,
C n 2)

where M is the major component index for city c; index,; and n are the sub-components and the
number of sub-components considered in the major component, respectively.
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In case of finance and technology, all the sub-components contribute to the decrease of
vulnerability. Thus, in these two cases the sub-component indices are added, averaged and then
subtracted from unity to obtain the overall finance and technology index (Equation 3).
M. =1 > index,
N ©)

In case of infrastructure, most of the sub-components contribute to the decrease of vulnerability.
Thus, the index value of these sub-components indicates the non-vulnerability. The vulnerability
index is calculated by subtracting these values from one. These resulting figures along with the
indices contributing to the increase of vulnerability are then averaged to obtain the vulnerability

index in terms of infrastructure (Equation 4).

3 Geindex, )+ X index,

I\/IC
n, +np (4)

where n, represents the factors which are contributing negatively or decreasing the vulnerability
and n, represents the factors which are contributing positively or increasing the vulnerability.

All the five vulnerability indices are inflated by multiplying them with 10 for better comparison.
Thus, all the indices are on a scale of 0-10. Greater the index, higher is the vulnerability.

The weighted average of these five indices is then taken to obtain the overall vulnerability index
(Equation 5). The weights of the five indices are in accordance with the number of sub-
components in each of these indices, ensuring that each indicator is contributing equally to the
overall index (Sullivan et al., 2002 as in Hahn et al., 2009). It was assumed that, irrespective of
the site, the contributing indicators would be the same and each indicator (or each major
component) would contribute to the vulnerability of the place to the same extent, that is, the
weightage of each major component remained the same while computing the vulnerability of
each site. This approach avoids any further subjectivity by evading any dispute in provision of
differential weights in accordance with characteristics of the regions. This also allows for easy
comparison among the study sites (Cutter et al., 2003, Turvey, 2007, Kelkar et al. 2011). To
remove the bias, to some extent, of giving subjective weightage to the major components to

obtain the overall index, a detailed discussion comparing the major components has been done.

16



ZiilWMi M ci
5
ZWMi
®)

Where subscript ¢ represents the city, W, represents the weight of each of the contributing

Overall Vulnerability Index, =

indices and M ; represents the contributing indices.

The overall vulnerability index is also multiplied with 10 to inflate it. Thus, the index is on a
scale of 0-10. Greater the index, higher is the vulnerability.
The values of the obtained indices are also presented in vulnerability spider diagrams to facilitate

comparison.

3. Results and discussion

3.1. All cities

Jaisalmer and Jodhpur, which fall in the hot and dry climatic zone of India, appeared to be the
most vulnerable among all the cities. The least vulnerable of all is Pune, lying in moderate
climatic zone of India. Mumbai is the least vulnerable city after Pune. Pune and Mumbai lie in
different climatic zone but geographically these two cities are quite close to each other. Delhi
and Bengaluru, having the same overall vulnerability index of 4.0, are the third least vulnerable
cities. Thus, metropolitan cities (except for Chennai) appear to have lower overall vulnerability
than rest of the cities. The cities, along with their overall vulnerability indices, have been ranked
in Table 5. City with highest overall vulnerability index has been ranked 1. Thus, higher the
vulnerability, higher is the rank of the city. Table 4 lists the values of the contributing indices.
Figure 1 shows the contributing vulnerability indices in a spider diagram. Table 6 ranks the
cities according to their contributing vulnerability indices. Jaisalmer has the highest vulnerability
in terms of infrastructure and technology. Delhi has the best infrastructure and the lowest
infrastructure index amongst all. Jaisalmer’s infrastructure index is as high as 6.66 and that of
Delhi is 3.15. Jaisalmer also has the highest technological index of 8.37 and Pune has the lowest
technological index of 2.39. The range of technological index is vast (almost around 6 units).

Jodhpur is the most vulnerable and Mumbai is the least vulnerable in terms of finances. The
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range of financial index is also large starting from 8.63 at the higher end to 3.10 at the lower end.
Mumbai, having social index of 3.03, is also the least vulnerable among all in social aspect.
Chennai has the highest social vulnerability index of 6.11. Chennai is also the most vulnerable in
terms of space whereas Leh has the least space index. The space index ranges from 7.08 for
Chennai to a meager 2.25 for Leh.

Table 7 lists the ranges of the indices. From the ranges of the indices, it can be inferred that the
selected cities vary significantly in terms of technological and financial index. The high range of
technological index is because of Jaisalmer whose index value is very distant from the rest of the
cities. Jodhpur has the highest financial index of 8.63. Unlike the case of technological index
where Jaisalmer has a distant stand alone index of 8.37, the financial index values of the rest of
the cities tend to decrease consistently from 8.37 for Allahabad (the worst after Jodhpur) to 3.10
for Mumbai. The technological index jumps from 8.37 for Jaisalmer to the next value of 5.46 for
Shillong. The range of space index is 4.08 showing lesser variability among the cities in terms of
space availability. The infrastructure and social capability appears to be comparable among the
cities as their ranges are the lowest (3.51and 3.08 respectively). Thus, the cities show high
variability in terms of technology and lowest variability in terms of its social structure followed

by its infrastructure.
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Table 4: Values of the contributing indices and the overall vulnerability index

CITY Infrastructure | Technology | Finance | Social | Space Overall
Index Index Index | Index | Index vulnerability

Index
Jaisalmer 6.66 8.37 8.25 5.50 4.18 6.5
Jodhpur 3.39 5.05 8.63 554 | 5.76 5.1
Mumbai 4.40 3.46 3.10 3.03 4.93 3.8
Chennai 3.36 2.60 7.42 6.11 7.08 4.8
Pune 3.32 2.39 3.71 4.13 5.67 3.7
Bengaluru 3.64 2.79 4.98 4.22 5.48 4.0
Delhi 3.15 4.27 4.76 4.44 4.17 4.0
Allahabad 3.95 3.69 8.37 4.82 3.01 4.5
Shimla 3.54 4.82 4.44 4.02 4.25 4.1
Shillong 3.92 5.46 6.41 4.60 2.77 4.5
Leh 5.03 3.97 3.25 4.25 2.25 4.2

Note: Overall vulnerability is on a scale of 0-10. O indicates least vulnerability and 10 indicates
highest vulnerability.

Table 5: Ranking of cities based on their overall vulnerability index

CITY Overall vulnerability Index Rank
Jaisalmer 6.5 1
Jodhpur 5.1 2
Chennai 4.8 3
Shillong 4.5 4
Allahabad 4.5 5
Leh (Ladakh) 4.2 6
Shimla 4.1 7
Bengaluru and Delhi 4.0 8
Mumbai 3.8 9
Pune 3.7 10

Note: Overall vulnerability is on a scale of 0 to 10. 0 indicates least vulnerability and 10
indicates highest vulnerability.
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Table 6: Ranking of cities according to contributing indices

RANK Infrastructure Technology Finance Social Space
Index Index Index Index Index

1 Jaisalmer Jaisalmer Jodhpur Chennai Chennai
2 Leh (Ladakh) Shillong Allahabad Jodhpur Jodhpur
3 Mumbai Jodhpur Jaisalmer Jaisalmer Pune
4 Allahabad Shimla Chennai Allahabad Bengaluru
5 Shillong Delhi Shillong Shillong Mumbai
6 Bengaluru Leh (Ladakh) Bengaluru Delhi Shimla
7 Shimla Allahabad Delhi Leh (Ladakh) Jaisalmer
8 Jodhpur Mumbai Shimla Bengaluru Delhi
9 Chennai Bengaluru Pune Pune Allahabad
10 Pune Chennai Leh (Ladakh) Shimla Shillong
11 Delhi Pune Mumbai Mumbai Leh (Ladakh)

Note: Higher the rank, greater is the vulnerability

Table 7: Range of indices

Index Difference between the highest and the lowest
Infrastructure 351
Technology 5.98
Finance 5.53
Social 3.08
Space 4.08
Overall Vulnerability 2.6
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Figure 1: Spider diagram depicting the major components of vulnerability of all the cities

3.2. Jaisalmer and Jodhpur

Jaisalmer and Jodhpur fall in the hot and dry climatic zone of India. The overall vulnerability of
Jaisalmer is 6.5 whereas that of Jodhpur is 5.1 (Table 4), that is, Jaisalmer is more vulnerable to
climate hazards than Jodhpur. Jaisalmer’s weakest aspect is technology (highest among all
indices of the city) and strongest aspect is its space capacity (lowest among all indices of the
city). Jodhpur is most vulnerable in terms of its financial index and least vulnerable in terms of
its infrastructure index. Figure Al (in Appendix) shows comparison of the indices of the major
components of vulnerability for Jaisalmer and Jodhpur.

The increased overall vulnerability of Jaisalmer is because of very poor technology followed by
poor financial capability and infrastructure. When available technology is compared, Jaisalmer
has the highest percentage of population without access to internet, television and radio among
all the study sites. In case of infrastructure, Jaisalmer has highest percentage of population
without access to electricity and LPG. It has also one of the lowest numbers of hospital beds and
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lowest public expenditure. The infrastructure and technology index of Jaisalmer is as high as
6.66 and 8.37 respectively compared to only 3.39 and 5.05 respectively for Jodhpur. Jodhpur’s
contributing indices to infrastructure is lower than that of Jaisalmer but indices for number of
hospital beds and public expenditure are comparable for both the cities. Jodhpur, having a space
index of 5.76, is more vulnerable in terms of space availability than that of Jaisalmer having a
space index of 4.18. The lower space index of Jaisalmer is because the city has the lowest
population density among all and comparatively Jodhpur has quite a high percentage of built up
area. Both the cities have similar vulnerability index in terms of its social and financial capacity.
Their finance and social index are around 8 and 5 respectively. But nevertheless, Jodhpur is on
the higher side of vulnerability than Jaisalmer in terms of its financial and social index. The
contributing index of illiteracy and population below 6 years of age (to social index) is the
highest for Jaisalmer among all the study sites. But Jaisalmer also has the least number of female
headed female households. Both the cities have low Net District Domestic Product (NDDP),
very low access to banks and low number of main workers, thus making their financial index

comparable.

3.3. Mumbai and Chennai

Mumbai and Chennai both are metropolitan cities lying in the warm and humid climatic zones of
India. Both are coastal cities. Chennai is more vulnerable than Mumbai to climate hazards.
Chennai has a vulnerability index of 4.8 and that of Mumbai is 3.8 (Table 4). Comparison among
Mumbai’s indices shows that the city is most vulnerable in terms of its space availability and
least vulnerable in terms of its social capacity. Chennai’s vulnerability in terms of its finances is
the highest and lowest for technology. Figure A2 (in Appendix) shows comparison of the indices
of the major components of vulnerability for Mumbai and Chennai.

When the contributing vulnerability indices are compared, it can be seen that Chennai is far more
vulnerable than Mumbai in terms of financial capacity, social capacity and space. Chennai has a
finance index as high as 7.42 compared to a mere 3.10 for Mumbai. This is because Mumbai has
one of the highest NDDP among all the study sites after Delhi. Mumbai also has better access to
banks and a higher percentage of people are main workers in Mumbai than in Chennai.

Chennai’s social index (6.11) is almost twice of that of Mumbai (3.03). When we analyze the
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social capacity of the two cities, it was found that Chennai has one of the highest percentages of
female headed households and has the highest percentage of population above 60 years of age.
Mumbai has the lowest percentage of disabled population among all the study sites, thus
improving its social capacity over Chennai. Chennai’s space index (7.08) is two units greater
than that of Mumbai’s (4.98). Chennai has the highest population density and highest percentage
of built up area among all the cities. But in terms of infrastructure and technology, Chennai is
slightly better off than Mumbai. A large percentage of population in Mumbai does not have
access to sanitation compared to Chennai. And Chennai houses the highest population having

access to television and phone, thus improving its technology index over Mumbai.

3.4. Pune and Bengaluru

Pune and Bengaluru lie in the moderate climatic zone. Pune and Bengaluru have similar overall
vulnerability. The overall vulnerability index of Pune is 3.7 and that of Bengaluru is 4.0 (Table
4). Both Pune and Bengaluru are most vulnerable in terms of their space availability and least
vulnerable in terms of technology (when compared with the respective city’s other indices).
Figure A3 (in Appendix) shows comparison of the indices of the major components of
vulnerability for Pune and Bengaluru.

Both the cities also have similar vulnerabilities in terms of infrastructure, technology, social
capacity and space except for that of financial capacity which is higher by approximately unity
for Bengaluru. This is because even though Bengaluru has a higher NDDP and larger number of
main workers, the percentage of population having access to banks in Bengaluru is the lowest
amongst all the study sites. Financial index is 4.98 for Bengaluru and the same for Pune is 3.71.
The infrastructure index is around 3, technology index is around 2, social index is around 4 and
space index is around 5 for both the cities. But, nevertheless, Bengaluru is on the higher side of
vulnerability in terms of infrastructure, technology and social capacity. Pune has one of the best
infrastructures (after Delhi) among the study sites. Comparatively, Bengaluru has quite a higher
number of illiterates and disabled than Pune, which in turn increases its social capacity index.
Pune, in fact, has the highest percentage of population having access to drinking water (a

contributor to infrastructure index) and internet (a contributor to technology index). Space index
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of Pune (5.67) is higher than that of Bengaluru (5.48). Pune has the highest growth rate (a

contributor to space index) among all the study sites.

3.5. Delhi and Allahabad

Delhi and Allahabad are in the composite climate region. Allahabad has a higher vulnerability
than Delhi. Delhi’s overall vulnerability is 4.0 and that of Allahabad is 4.5 (Table 4).
Comparison with Delhi’s own indices shows that Delhi’s weakest aspect is finances and
strongest aspect is infrastructure. And comparison with Allahabad’s own indices shows that
Allahabad is most vulnerable in terms of its finances. Allahabad has lowest index for space
among all of its indices. Figure A4 (in Appendix) shows comparison of the indices of the major
components of vulnerability for Delhi and Allahabad.

Delhi is more vulnerable than Allahabad in terms of space and technology. The space index of
Delhi and Allahabad is 4.17 and 3.01 respectively. In fact, Allahabad has the least percentage of
built up area, thereby decreasing its space index. The technology index of Delhi (4.27) is slightly
higher than that of Allahabad (3.69). Allahabad is more vulnerable than Delhi in terms of its
infrastructure, social and financial capacity. Delhi has the best infrastructure among all the
selected cities. Financial vulnerability of Allahabad is drastically higher than that of Delhi. This
is because NDDP of Delhi is the highest and that of Allahabad is the lowest among the selected
cities. Allahabad’s financial index stands at 8.37 and that of Delhi is 4.76.

3.6. Shimla and Shillong

Shimla and Shillong have a cold and cloudy climate. Shillong has an overall vulnerability of 4.5
and Shimla has a comparatively lower vulnerability of 4.1 (Table 4). When compared with the
city’s own indices, Shimla is most vulnerable in terms of technology and is least vulnerable in
terms of its infrastructure. Similarly, Shillong is most vulnerable in terms of its finances and least
vulnerable in terms of its space index. Figure A5 (in Appendix) shows comparison of the indices
of the major components of vulnerability for Shimla and Shillong.

Shillong is more vulnerable than Shimla in all the aspects except for space. Shimla’s space index

of 4.25 is poor compared to that of Shillong (2.77). Population growth rate, a contributor to the
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space index, is the least for Shillong among all the selected cities. The infrastructure index of
both Shillong and Shimla are 3.92 and 3.54 respectively. The technological index of Shillong
(5.46) is higher by approximately unity than that of Shimla (4.82). Shillong has the highest
percentage of population having access to mobile phone. The financial vulnerability of Shillong
is also very high compared to that of Shimla. This is indicated by the financial index of 6.41 for
Shillong and 4.44 for Shimla. Compared to Shillong, a higher percentage of population of
Shimla has access to banking facilities. Social vulnerability of Shillong is 4.60 which is also
higher than that of Shimla (4.02).

3.7. Leh (Ladakh)

Leh (Ladakh) has cold and sunny climate. Leh has an overall vulnerability of 4.2 (Table 4). In
terms of finance and space availability, whose indices are 3.25 and 2.25 respectively, Ladakh has
relatively low vulnerability. Comparatively, Ladakh has a high vulnerability in terms of its
available infrastructure (5.03), technology (3.97) and social capacity (4.25). Leh has one of the
poorest infrastructures after Jaisalmer. It has got the second best financial index after Mumbai.
Even though the NDDP of the city is quite low, Leh has the highest percentage of population
having access to banks and highest percentage of workers. Leh has the least space index among
all the cities as the growth rate and population density of Leh is very low. Figure A6 (in
Appendix) shows comparison of the indices of the major components of vulnerability for Leh.

4. Conclusion and limitation

The overall vulnerability indices indicate that the cities of Jaisalmer and Jodhpur are the most
vulnerable among all the cities. Pune is the least vulnerable among all followed by Mumbai,
Delhi and Bengaluru. Thus, metropolitan cities (except Chennai) seem to be on the lower end of
vulnerability. The values of the contributing major sub-component indices are different for the
different cities. Jaisalmer’s high overall vulnerability can be attributed to its very high
vulnerability in terms of infrastructure, technology and finance. Pune’s contributing indices are
all towards the lower end except for space index. Jaisalmer has the worst infrastructure and

technology. Delhi has the best infrastructure and Pune is the most technologically advanced
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amongst all. Mumbai and Jodhpur are on the highest and lowest ends of finances respectively.
Mumbai appears to be the strongest in social aspect and Leh in terms of space index. Chennai is
the weakest in the social aspect as well as according to the space index. The cities vary
significantly in terms of its technological index. Their social indices show the least variability.
These indices are relative in nature and are apt for comparison among the cities. But small
difference in these overall indices can mask large differences in the values of contributing sub-
components.

All the cities that have been considered for the different climatic zones are prone to different
kinds of climatic hazard. Also, the extent of these hazards might be different for the different
cities. But nevertheless, these indices which are non-inclusive of any climate variables give an
indication of the cities’ capability to cope with a natural hazard in context of its infrastructural,
technological, social, financial and space capability.

The present study also has a few limitations. Data availability constraints have led to the
inclusion of data variables from different years. It has been attempted, though, that the latest
available data are used for the study. Thus, the study can be refined using data of the same latest
available year. Secondly, the same sub-components have been used for calculating the indices of
all the cities. But it might be possible that some of the sub-components accounting for
vulnerability for some cities are irrelevant in case of some other city. For example, communities
in Shillong and Leh are mostly female-headed. This trend is a part of their culture. Thus, for
these two cities, it is debatable if the inclusion of percentage of female headed households in
calculating the social index is the correct approach. Hence, social indicators (specifically
percentage of female population, female headed households and population in SC and ST
category) can be contextual and their relevance in the index might vary according to the social
structure in the city. The literature and field study about the characteristics and demography of
the cities might help choosing better proxies for calculating the indices. Again, the relevance of
indicators might also vary with cities prone to different hazards. This aspect has not been dealt
with in the current study. For example, percentage of built-up area (contributor to space index)
might have varying degree of relevance for quantifying vulnerability towards floods and
droughts. Greater built-up area might lead to poor run-off in case of floods and hence is an

important contributor to a city’s vulnerability. Open spaces or lower built-up area can help in
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water percolation and can facilitate ground water recharge, but it might not be as relevant for
droughts as for floods.

Nevertheless, indicators of infrastructure, technology, finance and space have been assumed to
be pertinent contributors to vulnerability arising from a range of hazards that all cities might be
susceptible to. Again, this index caters to measuring only the socio-economic or inherent
vulnerability. This index can be combined with a measure of the biophysical hazard to obtain an
overall index. This combined index can give deeper insights into the city’s vulnerability, but at
the same time, can be segregated to understand the extent of contribution of the city’s socio-
economic and biophysical characteristics to the vulnerability. As the data used in the study are
available from Government sources, this index provides an easy way of keeping track of
vulnerability for policy-makers. Most of the indicators are from the Census of India which is
compiled at the end of each decade. The index could be validated by correlating with the damage
and loss suffered by the cities in the past (IIED, 2014). Strong correlation between the indices
and loss will indicate that the indicators are reliable and can even be used for predicting future
impacts. But, in the present study, it could not be done because of data unavailability at the city
level. Thus, this calls for maintaining a database about disasters and their associated damage,
loss etc in the future. The indicators and the results of this study can provide a broad overview of
the vulnerability of the cities but city-level planners need to further identify indicators that are
city-specific to track their vulnerability over time. This can contribute to planning disaster

resilient cities.
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Figure A4: Spider diagram depicting the major components of vulnerability of Delhi and
Allahabad
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of vulnerability of Shimla and

Figure A5

: Spider diagram depicting the major components
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of vulnerability of Leh (Ladakh)

: Bar diagram depicting the major components

Figure A6



