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ABSTRACT

Chennai, a city with population of 12 million, faces recurring flood hazards, aggravated
by the <cityds rapid wurbanization, encroac
patterns. Informal settlements, which house a significant portion of 28.9% off theyco s
population, often located in low lying and flood prone areas, face severe challenges due
to poor housing conditions, insufficient infrastructure and limited access to basic
services. This study investigates disaster governance in Chennai, paytionldrbw it
addresses the vulnerability of informal settlements. The focus will be on the analysis of
capital expenditure on flood management, categorizing it into structural and non
structural measures. Structural measures include physical flood bamgrdrainage
infrastructure, while nosstructural measures involve policy reforms and awareness
campaigns. By examining the distribution and impact of these expenditures, the study
highlights potential gaps in addressing the needs of vulnerable populatioarallel, a
vulnerability assessment of informal settlements is conducted through a composite index
designed using the MCDM technique, specifically using the TOPSIS method. Factors
such as sockeconomic conditions, infrastructure quality, and proxymd flood prone

areas are considered in the vulnerability index. By analyzing the relationship between
capital expenditure and vulnerability of informal settlements, the study determines
whether disaster governance in Chennai effectively addresses wilibherar if it

remains insufficient for marginalized communities.

Keywords: Vulnerability, Disaster Governance, Flood Mitigation, Informal Settlements

Abstract |1
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1 INTRODUCTION
1.1 BACKGROUND OF THE STUDY

Human settlements have historically developed near water bodies such as rivers, lakes,
and oceans, forming the foundation of towns and cities over centuries. Over time, these
settlements have increasingly expanded, often surpassing the natural carryiiity odpac

the land and resources available. In recent decades, rapid population growth and
unplanned urbanization have drastically reshaped settlement patterns, posing significant
challenges to sustainable developmdAnwana, 2022) This unplanned growth,
combined with the increasing impacts of climate change, has intensified the vulnerability

of informal settlements to natural hazards, particularly floods.
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Figure 1-1 Chennai Population Growth from 1951 to 2051

Chennai , often referred to as Indiabs O6wat
In late 2015, the city experienced torrential rains that led to severe and unexpected
flooding, highlighting the urg# need to address the compounded impacts of unplanned
urbanization and climate change on urban resiligdgabindoo, 2016) Residents of
low-income informal settlements often reside in hazardous locations such apriboad

areas or steep slopes due to their proximity to employment opportunities, making them
highly vulnerable to natural hazards, especially in the absence of adequate infrastructure
and servicegReview, 2024) The encroachment of etlands, floodplains, and water

bodies has significantly disrupted natural flood storage and drainage, leading to a

profound alteration in drainage characteristics.
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Figure 1-2 Complete land use change Chennai from 1983 to 2019

Chennai ranks fourth among Indian cities in terms of slum population, with
approximately 28.9% of its residents | ivir
watercourses are heavily encroadhupon, with slum families residing along their banks.

These communities lack basic amenities and face recurrent flooding eaclk{Tyear
Sundarmoorthy, 2009)To address these challenges, it is crucial to improve urban
resilience, particularly in informal settlements, by integrating flood risk management

strategies and enhancing infrastructure.

1.2 VULNERABILITY AND FLOOD RISK IN INFORMAL
SETTLEMENTS

Urban flooding is not merely a result of excessive rainfall but is deeply entbeadbdew

cities are planned, governed, and inhabited. Vulnerability in the context of flooding arises
when exposure to flood hazards coincides with secmnomic and infrastructural
deficiencies. Informal settlements are especially susceptible due tquretd housing,

poor drainage infrastructure, lack of legal tenure, and limited access to basic services
(Jamshed, 2023)
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Figure 1-3 Chennai floods during 2015

These populations are less likely to have insurance, relocation options, or political
representation, which leaves them dependent on-lsthteterventions. Their repeated
exposure to flooding leads to a cycle of loss and recovery that further deepeny pov
and limits adaptive capacity. This multidimensional vulnerability necessitates not only
physical infrastructure improvements but also proactive governance measures that

integrate social justice, spatial planning, and financial prioritizgdosla, 2020)

1.3 ROLE OF DISASTER GOVERNANCE AND FINANCIAL
ALLOCATION

Disaster governance plays a pivotal role in managing risks, coordinating response efforts,
and minimizing the impact of disasters. The government has a critical role in reducing
damage from disasters and ensuring the livelihood of citizens through financia
investment in disaster managemgdameson, 2016)As a result, determining the
appropriate proportion of government expenditure on disaster prevention and mitigation

has become a significant public concern.

If this proportion is low, it hampers the effective implementation of disaster prevention
measures; if it is too high, it may crowd out other essential investments, thus hindering
sustainable economic development and the-teng effectiveness of disaster reduction
efforts (Benali, 2017) Therefore, it is crucial for the government to allocate an

appropriate amount of expenditure for disaster prevention and mitigation. Despite this,

Introduction [1-3



only few studies have quantitatively analyzed the proportiofinancial expenditure
dedicated to these efforts, leaving a gap in addressing the true needs of disaster

prevention and mitigation.

Transparency and

Addressing Marginalization to Accountability of Institutions

Reduce Vulnerabilities

Disaster
(GGovernance

Building Community

Strengthening of SDMAs and
Resilience

DDMAs

Figure 1-4 Responsibilities of Disaster Governance

This study aims toddress this gap by analyzing the allocation of capital expenditure by
the government across different wards of Chennai city, specifically in relation to flood

prevention and mitigation.

1.4 STUDY CONTEXT: WHY CHENNAI?

Chennai presents a compelling case stisdyurban flood risk and disaster governance
for several reasons. It is a coastal megacity prone to cyclonic storms and moatezh
flooding. The city has experienced several major floods in the last two detadesst
notably in 2005, 2015, and 2083 each exposing the fragility of its urban systems.

Chennai is home to over 8 million residents, with a significant proportion (28.9%) living
in slums(T. Sundarmoorthy, 2009Many of these are located in leying flood-prone
zones along the banks of the Adyar, Cooum, and Buckingham Gamaatas that were
once part of the city's natural drainage system.
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SUVU:U"E B0°5'0"E  SO0°10'0"E  80°15°0

\J"(D‘(l" N

\

\

doo

12055 \I\

\

\
SU0E  BO°SOTE SOP10'CUE  80°15'0

Figure 1-5 Location of Chennai City

The rapid conversion of floodplairend wetlands into buitip areas, combined with
underinvestment in drainage infrastructure, has led to frequent inundation even during
moderate rainfaldl event sod wkereemltipeiagesciesyov e r |
operate with overlapping rolgs further complicates flood management. These factors

make the city a highisk zone and an ideal site to study the relationship between

governance, vulnerability, and investment priorities.

1.5 RESEARCH GAP AND SIGNIFICANCE

While several studies have examined thases and impacts of flooding in Indian cities,
limited research has been dedicated to understandingphbiic investment decisions

correlate withlocalized vulnerability patternsespecially in informal settlements. Most
existing analyses focus either bazard exposure or on infrastructural deficits without

linking them to budgetary trends and governance responses.

Additionally, vulnerability assessments often lack spatial granularity and do not account
for both physical and soceconomic variables in aomposite framework. This study
seeks to bridge these gaps by uglegspatial analysis and MCDM methddsdevelop a
nuanced understanding of vulnerability, and by comparing these patternsoititi

capital expendituréeom the Greater Chennai Corpooat.
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Figure 1-6 Slum boundaries (left) and waterways (right) of Greater Chennai Corporation

By doing so, this research contributes to the emerging discoursguity in disaster
governancgaiming to inform policy frameworks that prioritize vulnerable populations
and ensure that disaster risk reduction (DRR) efforts aretéagbtedandjustified.
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2 RESEARCH OUTLINE
2.1 RESEARCHAIM

The aim of the project is to propose integrated strategiesethrcing flood risk by
studying the interplay between different vulnerability factors and urban governance in

influencing flood management in Chennai.

2.2 RESEARCH OBJECTIVES

The objectives of the research are as follows.

1. To analyze the spatial distributioh\ailnerability in Informal settlements.

2. To examine the relationship between governance expenditure and vulnerability.
3. To assess the effectiveness of local body governance in addressing vulnerability.
4

. To propose integrated strategies for mitigating floo€hennai.

2.3 RESEARCH QUESTION

The main question of the study wil!/ be O1 s

exposed popul ation?6

2.4 CONCEPTUAL FRAMEWORK

Vulnerability Sack Bt
Governance
RDE{I;C;::;LCS Influence Capital expenditure
Unsafe Conditions e
o on tools and plants)

Figure 2-1 The conceptual Framework

The conceptual framework of this study explores the relationship betwuderability
and local body governancen flood disaster management within informal settlements.

Vulnerability is understood through four components: root causes, dynamic pressures,

Research Outline2+1



unsafe conditions, and hazards, which together increase the exposure of informal
settlements to flood risks. The framework investigates how these vulnerabilities influence
governance decisions, particularly focusing on ¢heital expenditurdy the Greate
Chennai Corporation (GCC) on flood mitigation across zones, departments, and tools.
Ideally, areas with higher vulnerability should receive more resources for flood
management, but this study aims to assess whether that alignment exists. To do this, the
study employsTOPSIS a multicriteria decisioamaking method, to rank vulnerable
areas, and use®gression analysito evaluate how vulnerability impacts governance
decisions related to flood risk. By linking vulnerability to financial governance, this
framework aims to highlight gaps and propose ways to make flood disaster management

more effective and equitable.

2.5 SCOPEOF THE STUDY

The scope of this study is centeredinformal settlements in Chennavith a particular
emphasis on the role afban loal body governance flood disaster management. The
study conducts a comprehensivgnerability analysisusing a variety of indicators to
assess the susceptibility of these settlements to flood risks. It also investigates the
governance strategiesnployed by the Greater Chennai Corporation (GCC) in managing
flood risks and how effectively these strategies address the vulnerabilities of informal
settlements. The study employs models sucRrassure and Release (PARDPSIS
andregression analysit® aralyze the relationship between vulnerability and governance
decisions, with the goal of identifying areas for improvement in flood disaster

management policies.

2.6 LIMITATIONS OFTHE STUDY

The complexity of theurban local body governance systgmses challeges in
guantifying factors such aeadershipand community resilienceas these qualitative
aspects may not be fully captured in the models used. Additiodalig, acquisitiorcan

be inconsistent, especially in terms of financial details, as the infiormenay vary
across wards. This variation stems from differences in the way budget statements are

reported by urban local bodies (ULBs) and other line departments.

Research Outline2}2
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3 LITERATURE STUDY
3.1 FLOODS

Flooding is consideredne of the most extreme and significant natural disasters that
threaten the worldbés cities. Oxford dictia
irruption of a great body of water over land in a buptarea not usually submerged

(Abhas K. Jha, 2011)

Floods are grouped into different categories based on the combination of its causes and

human influence.

Table 3-1 Types of Floods

Types of Flooding Causes Human Influence
Urban Floods Flash, Pluvial, Fluvial, coasta  Inadequate drainage and
& Ground water sewage capacity increase

impermeability, poor

management

Pluvial and overland flood Extreme rainfall, Improper land management
Thunderstorms, melting of icc encroachment, urbanization
jam, glaciallake burst and surface runoff

landslides

Coastal (Tsunami, storm Subsidence, Coastal erosior Destruction of natural flora,
surge) Earthquakes Development of coastal zone
(e.g., mangrove)

Groundwater High water table level Interference with natural
combined with heavy rainfall, aquifers, Development aroun

Embedded effect low-lying areas;

Flash flood Caused by combination Catastrophic failure
pluvial, river or coastal floods Inadequate drainage capacil
thunderstorms

Source:(Abhas K. Jha, 2011)
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3.2 FLOOD RISK

Risk refers to the likelihood or probability that a hazard will occur at a specific time and
place, resulting in potential negative consequences for people, property, and the
environment. It is an essential concept in disaster management, particularly ianedman

like Chennai, where natural hazards such as floods frequently impact vulnerable
communities. Understanding risk involves analyzing its key componétdgard
Exposure and Vulnerability. These components are interconnected and collectively

determine the overall risk faced by a commur(ijufschmidt, 2011)

(Disaster Risk

l
l I I |

, CAPACITYAND
HAZARD EXPOSURE | | VULNERABILITY | [ CATACIIE AL
[ I l I
Probability Structures Physical Physical planning
Severity Population Social Social capacity
Economy Economuc Econommic capacity
Environmental Management

Figure 3-1 Components of Risk

Source: (Dewan, 2013)

3.2.1 HAZARD

A hazardis the probability of a damaging event occurring, characterized by its
magnitude, duration, frequency, and spatial extent. In the context of floods, hazards
include the likelihood of extreme rainfall events, river overflows, or coastal surges that
may lea to inundation of specific areas within a defined time period. The hazard
component not only considers the physical event but also its ini@rsigh as how
severe the flooding will be and over what geographic area it is likely to occur. Accurate
hazard pediction requires meteorological data, historical records of past floods, and
simulations to anticipate future evenfidufschmidt, 2011)
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3.2.2 EXPOSURE(ELEMENTS AT RISK)

Exposurerefers to the people, property, infrastructuned &conomic activities that are

likely to be affected by the hazard. These are often referred to as the "elements at risk." In
urban areas, high population density, especially in informal settlements, leads to greater
exposure to hazards like flooding. $hineans that more people, homes, public services,
and economic assets are likely to be impacted when a flood occurs. Critical infrastructure
such as roads, bridges, drainage systems, and public buildings may also be exposed to
damage. Identifying exposuigessential to understanding who and what is at risk during

a hazard event, and it forms the basis for developing protective megsiutsshmidt,

2011)

3.2.3 VULNERABILITY

Vulnerability is the degree to which the exposed elemantssusceptible to damage or

loss, based on their physical, social, economic, and environmental characteristics.
Vulnerability determines how severely a hazard will affect the exposed population.
Vulnerability varies across different segments of sociéty; instance, marginalized
groups may have fewer resources to recover from flood events, and poorly built homes
are more prone to damage. Vulnerability assessment involves analyzing factors such as
housing quality, access to emergency services, and thenes of critical infrastructure.

The greater the vulnerability, the higher the potential for damage, even from relatively
moderate hazard@dufschmidt, 2011)

3.3 VULNERABILITY

3.3.1 VULNERABILITY: SCHOOLSOF THOUGHT

Vulnerability Research has been based on two key paradigms: Human Ecologist School

and Sen. 6s Entitl ement Approach.
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Vulnerability
Research

The ‘Human Ecologist

? 1 T a - -y -
School’ Sen’s Entitlement approach (Critiques the idea of

(Structural Paradigm) behavioral paradigm)

(Behavioral Paradigm)

Figure 3-2 Vulnerability: Schools of Thought

Source:(Hufschmidt, 2011)

3.3.1.1 HUMAN ECOLOGIST SCHOOL (BEHAVIORAL PARADIGM)

The Human Ecologist Schopbften referred to as the Behavioral Paradigm, explores
vulnerability through the lens of human behavior and interactions with the physical
environment. This approach focuses on hogihiiduals' decisions, actions, and behaviors
influence their exposure to risk. It examines the ways people interact with their
surroundings and the choices they make, which can increase or reduce their vulnerability
to hazards. For example, individuals ynehoose to live in flooghrone areas due to

economic necessity, despite the known risks.

Moreover, this paradigm emphasizes #duaptive capacityf individuals. It considers

how people modify their actions and adapt to threats, shaping their abilibpéovath
hazards such as floods. Adaptation might include constructing makeshift flood barriers or
altering daily routines to avoid risks. This paradigm highlights the importance of local
level coping strategies and risk management, recognizing the pmatkasures
individuals and communities take to mitigate their vulnerability. However, it also
acknowledges that individual choices alone cannot fully eliminate risk, as adaptive
actions are influenced by available resources and informgkioiflschmidt, 2011)
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3.3.1.2 S E N &MNTITLEMENT APPROACH (STRUCTURAL PARADIGM)

Onthe otherhanen. 6 s Ent i t,loetmesmucturah Papadigma fochses on

the political, social, and economic structures that shape vulnerability. apipisoach
argues that individual actions and decisions are not entirely free but are constrained by
institutional forces such as inequality, governance, and market systems. Vulnerability, in
this context, is not just about personal choices but is shapttkbgrger socipolitical

and economic framework within which people live. For instance, poor governance, weak
infrastructure, and social inequality can exacerbate the vulnerability of marginalized
populations, limiting their capacity to respond effediyve hazards.

In this paradigmaccessibility of resourcas a key determinant of vulnerability. It asserts
that the ability of individuals and communities to access resdureesh as financial aid,
health services, or emergency infrastruaduie governd by broader political and
economic structures. For example, in flgmdne areas of Chennai, informal settlements
may have limited access to municipal services, making them more vulnerable to the
impacts of flooding. The Structural Paradigm, thereforghlights the role of power,
inequality, and institutional shortcomings in shaping vulnerability, making it clear that
vulnerability is not just a personal or local issue but is deeply intertwined with

governance and economic syste(riufschmidt, 2011)

3.3.2 VULNERABILITY MODELS

There are five most commonly used vulnerability models.

Vulnerability
Models
|
| | | | |
Airline House Hazards of a
Access Model PAR Model Alexander Modd Framework Place

Figure 3-3 Vulnerability Models

Source:(Hufschmidt, 2011)
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3.3.2.1 ACCESSMODEL

The Access Modefocuses on how vulnerability is shaped by people's access to resources
such as land, housing, employment, and information. The model argues that individuals'
ability to cope with hazards is influenced by their access to these criticalrees.
Differentiation based orsocial, economic, or political statysays a crucial role in
determining how well individuals can respond to disasters, with wealth inequality, land
ownership, and government policies being key factors that exacerbagzakility. For
instance, people with limited access to land or secure housing are more likely to live in
flood-prone areas, making them highly vulnerable during flood evéHisfschmidt,

2011)

3.3.2.2 PAR MODEL (PRESSUREAND RELEASE)

The Pressure and Release (PAR) Modramines vulnerability by identifying the root
causes, dynamic pressures, and unsafe conditions that contribute tRadtkcauses

refer to the underlying social and economic factors, such as poverty and inequality that
create the foundation for vulnerabilitipynamic pressuremclude processes like rapid
urbanization and deforestation, which translate these root causes intaiaktialnsafe
conditionsare the specific circumstances, such as poor housing, lack of infrastructure,
and living in hazargrone areas, that leave people exposed to disasters. The PAR model
is widely used to explain how soesmonomic pressures transfoimto physical risks
during events like flood¢Hufschmidt, 2011)

3.3.2.3 ALEXANDER MODEL

The Alexander Modelbreaks vulnerability down into four interconnected components:
physical, social, economic, and environmental. Tgteysical factor refers to the
susceptibility of the built environment, such as poorly constructed buildings in flood
zones. Thesocial factorfocuses on demographic characteristics, including age and
education levels, which influence how different groups experieiske The economic
factor highlights the role of poverty, which limits access to resources needed to mitigate

Literature Study 3-6



or recover from disasters. Tkavironmental factoexamines the role of poorly managed
ecosystems in exacerbating risk, such as deforestaidmtgto increased flooding. This
model provides a comprehensive view of how various factors contribute to vulnerability.
(Hufschmidt, 2011)

3.3.2.4 AIRLINE HOUSE FRAMEWORK

The Airline House Frameworkocuses on housingpecific vulrerabilities, recognizing

that inadequate housing quality, such as poor maintenance and construction, increases
susceptibility to disasters like floods. It also examiteesant vulnerability particularly

how socieeconomic facto® such as income levels amanployment statuds affect a
person's ability to cope with and recover from disasters. Additionally, the framework
considersenvironmental and climate factorsuch as the impacts of climate change,
which can worsen housing conditions in disapt@ne ares, making recovery efforts

more difficult. (Hufschmidt, 2011)

3.3.2.5 HAZARDS OF A PLACE FRAMEWORK

The Hazards of a Place Framewoeknphasizes the localized nature of vulnerability,
focusing on how geographic location and specif& exposures such as proximity to
flood-prone area$ affect different communities. It also examingscial vulnerability
highlighting how demographics (e.g., age, education, health) shape the risk of exposure
to hazards. The interaction betwegmysical eposure(such as living near rivers) and
social conditionglike poverty) defines how a community experiences and responds to
hazards, making this framework particularly useful for assessing vulnerability at a

neighborhood or community levéHufschmidt, 2011)

3.3.3 PRESSUREAND RELEASE MODEL (PAR)

This model depictghe Pressure and Release (PAR) framework, illustrating how risk is a
product of multiple interconnected factors that escalate from root causes to hazards. The

model begis by identifying root causes such as limited access to power, resources, and
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political ideologies that marginalize certain groups. These foundational issues are
magnified by dynamic pressures, including a lack of local institutions, rapid urbanization,
and environmental degradation, which further constrain communities’ ability to respond
to disasters. Together, these forces lead to unsafe conditions, where populations live in
hazardous environmentsgith inadequate infrastructure, putting livelihoods arnedi at
constant risk.(Christopher G. Burton, 2018)

THE PROGRESSION OF VULNERABILITY

1 2 3
ROOT CAUSES DYNAMIC UNSAFE DISASTER HAZARDS
PRESSURES CONDITIONS
1] - 5
:w'mmm S Thls area magnified
= « Dangerous is the Focus of the
ck locations i
e o il Access Model in Ch.3 Earthqtake
* Training buildings and
« Appropriate skills infrastructure Highwinds
« Local investments (cyclone/
i « Local markets Local hurricane/
i * Press freedom economy typhoon)
‘.°°'P . * Ethical standards * Livelihoods at risk RISK= :
5 S°“‘°‘ in public life  Low income levels P Flooding
* Resources Macro-forces Social relations Viinormiity Volcanic
Ideologi . ?apld population . g‘pgkual groups ReHxV eruption
: :°"“°°' ?Y‘?'sy:'t':m « Rapid urbanisation * Lack of local Landslide
CANNEG * Arms expenditure institutions
« Debt repayment Drought
schedules Public actions
« Deforestation and institutions Virus and
« Decline in soil « Lack of disaster pests
productivity preparedness
* Prevalence of
endemic disease

Figure 3-4 PAR Model

Source:(Christopher G. Burton, 2018)

In this framework, risk is conceptualized as a combinatidmazard and vulnerabilit{R

= H x V), emphasizing the need to focus on vulnerability to understand disaster risks
fully. By addressing underlyingocial, economic, and institutional vulneralig we can
mitigate the impacts of hazards like floods, droughts, and cyclones. The model
underscores the importance of a holistic approach, where understanding and mitigating
risk involves addressing root causes, dynamic pressures, and unsafe conditions

simutaneously. This approach is critical for flood risk management, particularly in
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vulnerable, lowincome communities exposed to high disaster r{§kristopher G.
Burton, 2018)

3.4 FLOOD RISK GOVERNANCE

Flood risk governance playa crucial role in determining how flood risks are managed,
as well as how the costs and benefits of flood management are distributed across society.
(Tullos, 2018)

3.4.1 COMPONENTS OF FLOOD RISK MANAGEMENT

Components of Managing Flood Risks

Structural Measures Non Structural Measures

Figure 3-5 Components of Flood Risk Governance

Source:(Abhas K Jha, 2011)

Effective governance involves a balanced approach that integratesthatturaland
non-structural measure® address flood risks. Structural measures focus on physical
infrastructure, such atams, levees, dikes, reservoirs, storm water sys@misirainage
networks These solutions require significant capital investment and -tiemg
maintenance but providghysical protection against floodwaters. By creating barriers and
redirecting water flow, structural measures can prevent widespread damage and protect
large populations. However, they are often expensive and can have negative

environmental impacts if n@hanaged carefully{Abhas K Jha, 2011)

On the other handjonstructural measuresncompass policdriven and management

based strategies, suchfa®dplain zoning, land use planning, disaster preparedageds,
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financial mebanismslike insurance. These measures focus on minimizing flood risk
through regulatory frameworks, early warning systems, and sustainable land use.
Although they typically involve lower initial costs compared to physical infrastructure,
non-structural masures can be more sustainable in the long run by promoting resilience
and adaptability. They aim to reduce the vulnerability of communities to floods without
requiring extensive physical alterations to the environment, making them an integral part

of moden flood risk management strategiésdbhas K Jha, 2011)
3.4.2 APPROACHESTO EVALUATING FLOOD GOVERNANCE

The three approaches discussed in this s@idyRisk Governance Assessment To00l
Social Milieu Approach and Fit for PurposeGovernance Framework provide a
comprehensive toolkit for assessing and improving flood governance. They highlight the
importance of stakeholder engagement, resource adequacy, social and cultural factors,
and the need for inclusive governance that respaidthe needs of marginalized

communities.

Risk Governance Assessment Tool

Social Milieu Approach

4 Y

Fit for Purpose Governance
Framework

\. J

Figure 3-6 Approaches to Evaluating Flood Governance

Source:(M. Fleischhauer, 2012)
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3.4.2.1 RISK GOVERNANCE ASSESSMENTTOOL

The Risk Governance Assessment Tool focuses on identifying and evaluating flood risks
based on theimpact and probability of occurrence. It emphasizes the importance of
including all relevant stakeholders in the governancegs® particularlyulnerable
communitieswvho are disproportionately affected by floods. By assessing how well these
communities are involved, the tool ensures that flood management strategies reflect the
needs and concerns of those most at risk. Addiligniaexamines whether the available
resourced financial, human, and techniéabre sufficient to effectively manage and
mitigate flood risks. This holistic approach ensures that all aspects of flood governance

are aligned to minimize risk and improveiliesice.(M. Fleischhauer, 2012)

3.4.2.2 SOCIAL MILEU APPROACH

The Social Milieu Approach provides a deeper understanding of the population
characteristics iflood-prone areadt investigates variousultural, social, ath economic
factorsthat contribute to the community's vulnerability, suchn@®me levelsaccess to
resourcesand overall social structures. This approach also studies how individuals and
communities react to flood riséiswhether they takproactive meagesto mitigate risk,

rely onexternal assistancer choose to ignore the risks altogether. By analyzing these
behaviors, policymakers can develop more tailored strategies that enhance flood
preparedness and response, making sure that interventiondecdosial contexts and
needs(M. Fleischhauer, 2012)

3.4.2.3 FIT FOR GOVERNANCE FRAMEWORK

This framework evaluates tlaglaptabilityof governance systems in the face of changing
circumstances, such as increasing floodjdency or severity due to climate change. It
emphasizes the importance afllaboration between various sectors, including
government civil society, and theprivate sectqrto ensure that flood governance is
effective and inclusive. A key feature of th&pproach is its focus on involving

marginalized communitieim decisionmaking processes, ensuring that flood governance
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frameworks are equitable and that vulnerable populations are not left out of critical
planning and response efforts. The "Fit for Pggdogovernance model ensures that
strategies are flexible and responsive, adapting to new challenges while prioritizing
inclusive and collaborative governance practi¢es.Fleischhauer, 2012)

3.5 FLOOD RISK GOVERNANCE i BESTPRACTICES

The following are some of the best practices followed around the world in terms of Flood

risk governance.

3.5.1 UK: STRATEGIC NATIONAL FRAMEWORK AND fi MA K| NSBACE
FORWA T E R2005)

The UK's "Making Space for Water" policy represents a strategic shift in flood risk
management by promoting natural flood management methods. This approach
emphasizes restoring natural floodplains and wetlands, which act as buffers, allowing
rivers to oveilow into these areas during heavy rainfall events. By prioritizing these
natural flood defenses, the UK aims to reduce the impact of floods orupudlteas.
(Ishiwatari, 2019)

Figure 3-7 UK - Making Space for Water (MSW) Framework

Source:(Ishiwatari, 2019)
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The framework also integrates flood risks into larsg planning processes, ensuring that
urban development is conducted in a way tmatsiders potential flooding. This holistic
approach involves collaboration with local communities, engaging them in decision
making, and supporting locével planning to create resilience against future floods. The
strategy balances engineering solusionith environmental sustainability, recognizing

the need for adaptive, lortgrm planning(Ishiwatari, 2019)

3.5.2 NETHERLANDS: i ROORDRTHE R V E RROGRAM (EARLY 2000S)

The Netherlands, long recognized for its expertise in watamagement, launched the
"Room for the River'programas part of a broader strategy to adapt to climate change
and incrasing flood risks. The prograamims to reduce flood risks by expanding river
channels, lowering floodplains, and creating new oneswall rivers to safely flood
during periods of heavy rainfall. This reconnection of rivers to their natural floodplains
reduces the threat to urban areas. One significant aspect of the program involves
relocating some settlements away from rivers to safeas, with zoning laws enforced to
prevent development in vulnerable fleptbne rgions. The programns also notable for

its participatory approach, involving local communities in decisi@king processes
related to land use and flood management. Thdtusion ensures that the solutions
adopted are both technically sound and socially acceptable, making the strategy more

effective and sustainable in the long teftshiwatari, 2019)

3.5.3 GERMANY: REVISED FRM APPROACH AFTER 2003FLOODS

Following the catastrophic floods of 2003, Germany implemented substantial revisions to
its flood risk management (FRM) approach, focusing on natural flood retention and
improving governance structures. One of the key components of the revisedchpproa

the expansion of natural flood retention zones, which involves utilizing open spaces to
absorb excess water and mitigate the impact of floods. The country also placed a stronger
emphasis on emergency preparedness, recovery planning, and coordbeti@en
different levels of governmedtfederal, state, and local. By improving this coordination,

Germany has been able to respond more effectively to flood emergencies and ensure
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faster recovery. Another important element of the revised strategy isttbduiction of
private flood insurance in areas prone to flooding, which encourages property owners to
take responsibility for their own flood risk management while also reducing the financial
burden on the government. This nutigred approach has strehghed Germany's ability

to cope with and recover from flooding everftshiwatari, 2019)

3.5.4 JAPAN: FLOOD RISK GOVERNANCE IN TSURUMIGAWA RIVER
BASIN IN THE TOKYO METROPOLITAN REGION

In the Tsurumigawa River basin of the Tokyo M&p ol i t an Regi on, Jap
governance is considered a best practice, particularly due to the collaborative efforts
initiated in response to the rapid urbanization that heightened flood risks during the 1950s

and 1960s. By the 1970s, a river basimmittee was established by a national ministry

field office to coordinate integrated flood risk management (FRM) among a broad range

of stakeholders, including local leaders, communities, government offices, and civil

society organizationglshiwatari, 2019)

National
Government
River Office

Local

Local
Government Share Community

concem over
flood risk

Academia

Figure 3-8 Concept of Collaborative actions in Japan

Source:(Ishiwatari, 2019)
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While national government offices led these efforts in Japan, local governments typically
play this role in other countries, highlighting that effective FRM requires collaboration
regardless of the governmental level. A key success factor was the titidielbween
government engineers and local communities, which allowed the integration of local
knowledge into the planning process. Additionally, Japan benefited from the exchange of
technical expertise through lotgrm relationships with academic expeatsd a staff
rotation system between field offices and national headquarters, allowing personnel to

apply their experience across different regigishiwatari, 2019)
3.6 FLOOD RISK GOVERNANCE i CHALLENGES

3.6.1 CHINA: SPONGE CITY INITIA TIVE AND BUREAUCRATIC
CHALLENGES

In China, the Sponge City Initiative focuses on utilizing urban green infrastructure like
green roofs and permeable surfaces to absorb, store, and reuse rainwater, reducing flood
risks. However, the initiative faces chaliges due to its tedown approach, where the
central government mandates flood management programs while local governments
struggle with limited capacity and resources to implement them effectively. The
compl exity of t he ¢ oun ithrnpubligde apencree managingp t 1 ¢

different aspects of flood risk, further complicates cohesive flood management efforts.

3.6.2 CAPE TOWN, SOUTH AFRICA: TECHNOCRATIC DOMINATION AND
CAPACITY CONSTRAINTS

In Cape Town, South Africa, flood risk management is headbminated by
technocratic solutions, prioritizing engineering approaches over more inclusive,
participatory methods. This has been compounded by a lack of sufficient financial and
human resources to implement comprehensive flood management plans. Fughtdreno
roles and responsibilities for managing and sharing flood risks between the government,
private sector, and communities remain unclear, posing additional challenges to effective

flood risk governance.
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3.6.3 UNITED STATES: POLITICIZATION  AND INTERDISCIPLI NARY
CHALLENGES

In the United States, flood risk management is shaped by initiatives like the National
Flood Insurance Program (NFIP) and other disaster response frameworks. However, the
politicization of flood management often affects decisions regandimge and how to
allocate resources for flood mitigation infrastructure. Additionally, there are significant
interdisciplinary challenges, particularly in integrating knowledge and practices from
engineering, legal, and social sciences, making it difficutreate holistic and balanced

flood risk management strategies.

3.7 FLOW OF FUNDSIN A GOVERNANCE SYSTEM

The financial structure of flood risk governance and urban management in Chennai
involves bothrevenueand capital accountsstarting with anopeningbalance which
represents the initial capital available for expenditures. fEBwenue accounincludes
revenue receipisuch as income from taxes and fees, which fienénue expenditurds
expenses related to services and administration. The balance oradtount is

determined by theurplus or deficibetween income and expenditures.

Opening Balance

(Initial capital available)

[ ]
On zones — spatial
Revenue Account Capital Account distribution of
funding
Revenue Receipts (Income from Capital Receipts (Loans, grants, and On departments —
taxes, fees) other funding used for capital projects) on water
. management, roads
Revenue Expendlll_lre (Expenses Capital Expenditure (on zones, on B
rela;;c[ln t::l is;::g::;)aﬂd departments, on regional offices, on tools On tools and
and plants) plants — pumps,
Surplus/Deficit on Revenue Surplus/Deficit on Capital Account drainage systems,
Account (difference between income (difference betwe_en income and other equipment
and expenditure) expenditure)

Figure 3-9 Flow of Funds

Source:(Greater Chennai Corporation)
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Similarly, the capital accountoverscapital receiptsincluding loans, grants, and other
funding for longterm projects. These receipts finarzapital expendituresn critical
projects like water management, infrastructure for roads, and the procurement of tools
and equipment sucls@umps and drainage systems. $amlus or deficibn the capital
account reflects the difference between the funds allocated for projects and the actual
expenditures. The capital is further allocated basedpaiial distributionwhere funds

are spentcross different zones and departments to ensure that resources are invested
where they are needed most, such as in regional offices, flood management, and

infrastructure upgrades.
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4 METHODOLOGY
4.1 RESEARCH DESIGN

Theresearch design outlines the overall approach used to address the research objectives
and questions. This study employs a mixeethods approach, combining both
gualitative and quantitative methods to gain a comprehensive understanding of flood risk
goverrmnce in Chennai 6s infor mal settl ements
techniques with primary data collection to assess vulnerability and governance
effectiveness. The focus is on understanding the relationship between governance
expenditure and dlod vulnerability using tools like GIS, TOPSIS, and spatial regression
models. This design ensures a systematic analysis of both governance strategies and

sociceconomic conditions in floegdrone areas.

Relationship between
Governance and
Vulnerability

Regression Analysis of
governance expenditure ar
Flood Vulnerability

Vulnerability
Index

[®N

Figure 4-1 Research Design

4.2 VULNERABILITY INDEX OF INFORMAL SETTLEMENTS

The TOPSIS (Technique for Order of Preference by Similarity to Ideal Solutiethod

is used in this study to rank wards based on their flood vulnerability. First, spatial layers

for various indicators, such as population density and land use, are created. Data is
extracted from these layers using tools in ArcGIS, with raster data (like topography)

processed through the "Extract values to point" tool and vector data (like census data)
taken from attribute tablegMitra, 2023)

Weights for each indicator are assigned usfidp a n n o n 6 s reflecting rtheip y
importance. These weights are then incorporated into the data to form a decision matrix,
which is normaked using theField Calculatorin ArcGIS. The ideal best and worst

values for each indicator are calculated, andBhelidean distances used to measure
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how close each ward is to these ideal values, determining their vulneraiiitsa,
2023)

A final vulnerability scoreis calculated for each ward, with higher scores indicating
higher vulnerability. Using th&latural Breaks (Jenkshethod, the wards are classified
into high, medium, and low vulnerability zones. These drentmapped using a
Choropleth mapwhich is combined with a governance expenditure map to analyze how
resources are allocated relative to flood vulnerability across the studyMitea, 2023)

Performance score can balculated using the formula:

Creating

Thematic
layers

Avector data (Census data)

ARaster data (DEM, Topographiyp Ext r act val ues to
pointo in ArcGIl S

Extraction of
Values

>

Shann
Entropy for
assigning

nos

Aperformance scoiiehighi most

weights vulnerable
Decision ﬁPeIrformbalmce scofielow T least
matrix and vuinerable
Normalizatio

n Matrix

Ideal Best and
Ideal Worst for
each indicator

Final

Vulnerability
score using
Euclidean

distance

o =S
Si = \/Z(UJ’J’ v; )?

Figure 4-2TOPSIS analysis of Vulnerability Index

Source:(Mitra, 2023)
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4.3 REGRESSION ANALYSIS OF GOVERNANCE EXPENDITURE
AND FLOOD VULNERABILITY

The Akaike Information Criterion (AIC)is a statistical measure used to compare the
goodness of fit between two models. A lower AIC value indicates a better fit, as it
suggests that the model has less error. In the contédpattial regression analyssuch

as Ordinary Least Squares (OLShe model does not account for spatial dependency
between variables like vulnerability and governance expenditure. A lower AIC in this
scenario means that there is no spatial autocorrelation. Howevepaiial regrssion
analysis models likeSpatial Lag Model (SLM)Spatial Error Model (SEM)or Spatial
Durbin Model (SDM)are used to account for spatial dependencies. A lower AIC here
would indicate that spatial patterns, or dependencies between data points, ,danelxist

that the model has accounted for these dependencies effectively.

In spatial regression analysthe relationship between governance expenditure and flood
vulnerability is examined across different wards. The dependent variatperésnance
expenditire, while the independent variable is theod vulnerability index The process
begins with creatingpatial layersfor the data and performing gpatial joinin GIS,
linking governance expenditure data with vulnerability data using ward boundaries as th
base layerExploratory Spatial Data Analysis (ESDA9 then performed to identify

spatial patterns.

Key tools in this process includdoran's | which checks for spatial autocorrelation. A
positive value for Moran's | indicate that high vulnerabilitydehigh expenditure are
spatially clustered; while a negative value shows that these factors are disphiSged.
(Local Indicators of Spatial Associatiohglps identify clusters, hotspots (areas of high

vulnerability and high expenditure), cold spots, antiers.

The Spatial Lag Model (SLM)s used to determine how governance expenditure in one
ward is influenced by the expenditure in neighboring wards. In this model, the dependent
variable isexpenditureand the independent variable is fteod vulneability index A

spatial weights matrixs applied to account for the geographic relationships between

wards. If thelag termis significant, it indicates that governance expenditure in a
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particular ward is indeed influenced by surrounding wards. The faactedfficient will
show apositive relationshipvhen higher vulnerability leads to higher expenditure in
neighboring wards, and reegative relationshigvhen lower vulnerability corresponds to

lower expenditure in adjacent wards.
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5 DATA COLLECTION
5.1 PHYSICAL VULNERABILITY FACTORS

Indicators are identified for the flood vulnerability map that can be used to access the

likelihood of a flood recurring and its potential impact. Here are few:

T

Land Use Land Cover: Refers to how land is used (residential, industrial,
vegetation, water lmbes) and the physical cover on the surface (mpltforest,
grassland, etc.). Its relevance to the thesis is such that the impervious surfaces
(like concrete) increase surface runoff, reducing infiltration and exacerbating
flood risks in informal settlments. LULC maps are developed through Landsat 9
satellite images.

Drainage Density: The total length of all streams and rivers in a drainage basin
divided by the total area of the basin gives the drainage density. Higher drainage
density usually means gter runoff, while low density can lead to waterlogging.

It's essential in analyzing flood risk areas.

Rainfall: Measures the amount of precipitation (in mm) received over time. This
directly influences flood potential. Intense or prolonged rainfall okiehlms

urban drainage, especially in vulnerable informal settlements. Rainfall data is
taken from the IMD.

Distance from River: The straighine (Euclidean) distance of a location from

the nearest river or stream gives the distance from river. Settleclests to

rivers are more prone to flooding. Informal settlements often encroach riverbanks
due to land access. This is a GIS based analysis from river shape files.

Slope: The steepness or incline of the terrain is slope. Steep slopes increase
surface raoff, while flatter areas may lead to stagnant water accumulation. Both
affect flood risk differently. These are extracted from DEM images.

Elevation: The height of a location above mean sea level is elevaiewxlying

areas are more prone to floodingany informal settlements in Chennai are in

such areas. Elevation map can also be made through DEM images.
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1 Stream Power Index (SPI): SPI is a measure of the erosive power of flowing
water, calculated using slope and upstream contributing area. Higher SPI areas are
more prone to erosion and concentrated flow paths, indicating flood risk zones.
This is derived from DEM using GIS Hydrolpgools.

1 Topographic Wetness Index (TWI): TWI is a measure of the potential for
water accumulation in the landscape, based on slope and upstream area. High
TWI values indicate areas likely to retain water potential hotspots for
waterlogging or floodingThis is derived from DEM using GIS Hydrology tools.

1 Groundwater Levels: The depth of groundwater below the surface or its
fluctuation across seasons. High groundwater tables reduce infiltration capacity,
increasing surface runoff and flood risk. These got from the CMWSSB for
Chennai city.

1 Length of Storm water Drains: It is the total length of formal drainage
infrastructure in a given area. A lower density of storm water drains indicates
poor infrastructure, making areas (especially informal setthés) more

vulnerable to flooding. This is got from Greater Chennai Corporation department.

5.2 SOCIO ECONOMIC FACTORS

The data collection is done through primary surveys and secondary sources. The primary
survey includes interviews, observations and opinions of the public. The secondary data

is collected for the indicators of Vulnerability as defined by the PAR model.

Table 5-1 Socio Economic factors and its sources

Data Source

Housing condition (building materials, building

type)

Awareness and perception of flood risks Primary Survey

Coping mechanisms during floo¢svacuation

plans, assistance received)
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Impact of flood on livelihood, health, property

Perceptions of local governance and flood disag

management

Informal Settlements population

Slum Free Action Plah RAY, AAY beneficiaries

Land ownership

TNSCB

Access to Infrastructure

Slum Free Action Plaih RAY, AAY beneficiaries

Employment type Census data
Population Density GIS mapping
Encroachment GCC, CMDA

Access to services (water, sanitation) Master Plan

Proximity to Hazardous zones

GIS Floodmapping

Building density

GIS mapping

Health risks

Health Department records

Flood spots

Flood reports

Tenability Analysis

Satellite Imagery

Cooking Fuel type

GIS mapping

Sanitation

Aquifer Report

Roof type, Floor type

DEM

Objection ability of theslums

Slum Free Action Plan RAY, AAY beneficiaries

Amma Unavagams

GCC & Disaster Management Plan

Flood and Rain relief centers

GCC & Disaster Management Plan

Schools

GCC & Disaster Management Plan
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5.3 CAPITAL EXPENDITURE
Factors are identified and are taken from the Chennai annual Budget to analyze the use of

capital in different forms. The following factors are some of which are relevant to the

study.

1 Financial Plan i Tenable and Untenable slums:Classification of slumsas
tenable (legal and can be upgraded -situ) or untenable (located on
environmentally sensitive or hazardous lands and often marked for relocation)
helps assess if public spending (e.g., infrastructure or flood protection) is being
directed to areas thare actually permitted to receive it. A mismatch could
indicate governance gaps or inefficiencies in investment. The plan is taken from
the RAY1 Slum free action plan for Chennai.

1 Revenue receipts and revenue expenditure in GCC Budget statement:
Revenuereceipts arericome from taxes, fees, fines, and user chaigesenue
expenditure is spending on services such as salaries, maintenance, and other
recurring operational cost s. This hel ps
resources are available rfmngoing flood management services and whether
enough is being spent on maintaining infrastructure in informal settlements.

1 Capital receipts & capital expenditure: Capital receipts armcome from loans,
grants, or asset sales used for lbmgn investment. Capital expenditure is the
spending on creating or upgrading physical assets like roads, storm water drains,
and water bodies. This shows the citgisg-term flood resilience investemts It
is critical to assess whether capital spending aligns with vulnerability zones in
informal settlements.

1 Capital expenditure on zones:The Ward or zonelevel distribution of capital
expenditure by GCC is used ¢ompare capital expenditure withlgarability to
test the hypothesiswhether disaster governance (i.e., spending) is driven by
vulnerability levels.

1 Capital expenditure on tools & plants on zonesCapital spending on equipment

like dewatering pumps, storm water cleaning machines, desitanghines, etc.

Data Collection $-4



This is directly tied to flood management preparedness and response. Indicates
how wellequipped a zone is in termsdifaster response tools

Community perception of Public Expenditure: This showshow local residents
perceive governmenpsndin@ whether it reaches them, whether it is useful, and
how fairly it is distributed. It is important for understanding tp@vernance
deficit from a bottoraup perspective. Reveals whether capital expenditure
translates int@isible and functionainfrastructure.

Relief and compensation accessibilityThis refers to how easily floedffected
households can access government relief such as financial aid, food, or shelter
support postlisaster. It is critical for assessingsponse effectivenessid ®cial

safety nets. Poor accessibility reflects weak governance or poor targeting
mechanisms.

Household investment in flood preparednesdt is the extent to which families
invest in seHprotection (e.g., raising plinths, buying sandbags, building storage
platforms). This indicates thgap in public suppodt if households invest a lot, it

may show mistrust in public preparedness or insufficient coverage.
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6 ANALYSIS
6.1 CHARACTERISTICS OF CHENNAI CITY

Chennai is a coastal city in the Indian state of Tamil Nadu, facing the Bay of Bengal. Its
geographical location and urban development patterns make it particuadgptible to
urban flooding. Over the years, the city has withessed multiple flood events that have
severely impacted the population, especially those living in informal settlements. These
settlements are typically located along water bodies such ass,ricanals, and

marshlands, as well as in leying zones that are naturally prone to inundation.

Table 6-1 Statistics of Chennai City

Area of CMA 1189 sg.km
Area of GCC 426 sqg.km (30% of CMAarea)
Population (2011) 66.85 lakhs (75% of CMA population)
Population 2022 (est) 77.56 lakhs (71% of CMA population)
Number of Zones (GCC) 15
Number of Wards (GCC) 200

The study area encompasses numerous informal settlements distributeddefences
administrative zones within the Greater Chennai Corporation (GCC). These settlements
have evolved over time, often without formal planning or infrastructure support,

increasing their vulnerability to floods.

Demographically, the population derysih these areas is extremely high. A significant
portion of residents belong to marginalized communities, including Scheduled Castes

Analysis |6-1



(SC), Scheduled Tribes (ST), and Below Poverty Line (BPL) households. These groups
are often economically and socially aitvantaged, with limited access to basic services,

secure housing, and formal employment opportunities.

BAY OF BENGAL
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Zone ZONE NUMBER
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Figure 6-1 Zones and Wards of Chennai District

Source:GCC
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Physically, the terrain of Chennai @edominantly flat with low elevation levels,
particularly in the northern and central parts of the city. This topography limits natural
drainage and increases the risk of waterlogging. In addition, the widespread
encroachment of natural waterways and @tpdhte storm water infrastructure has further

aggravated flood vulnerability.

SLUM BOUNDARIES

Legend

Waterways

- <all other values>

0.Wards_Projected
SymbollD
[ Jo
- Slum_Projected

Figure 6-2 Slum Boundaries with waterways in Chennai City
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6.2 VULNERABILITY ANALYSIS

6.2.1 PHYSICAL VULNERABILITY

6.2.1.1 PHYSICAL FACTORS AFFECTING THE VULNERABILITY:

1 LULC: Water bodies show the highest flood risk, bare soil show a higwhis&

settlementsand vegetation show moderate and low flood risk respagtiv

Legend

- Waterbody
- Vegetation

e I:l Settlement
o124 % gKilometers - Bare soil

Figure 6-3 LULC
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1 DRAINAGE DENSITY: High Drainage density means increased run off and
increased possibility of flood.

Draingae Density
<VALUE>

I 0000391103 - 0.341886216
[ ] o0341886216-0.683381329
[ ] 0683381329 - 1024876442
[ 1.024876443 - 1366371556
[ ] 1366371557 - 1707866669

Kilometers D Wards Projetced 1
0 12525 5 75 10

Figure 6-4 Drainage Density
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1 ELEVATION: Low elevation means high risk zones for flooding.

Legend

I:] Wards_Projetced_1
Elevation_Map
Value

B 254

[T 4.000000001 - 9
[T 9.000000001 - 14
I 14.00000001 - 21
I 21.00000001 - 76

N s Kilometers
0 12525 5 75

Figure 6-5 Elevation
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STREAMS: Stream lengths are taken to calculate the proximity.

Legend

X /0 1 ‘ Wards_Projetced 1

s Kilometers 1.Streams

0 12525 5 75 10

Figure 6-6Stream Lengths
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1 SLOPE: Steep slope shows the runoff and the flat areasraulate flood water.

Legend

Slope_map
<VALUE>
o
[ 1s8-304
[ ] 305-598
B s - 263

N e Kilometers
0 12525 5 7.5 10

Figure 6-7 Slope
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|:| Wards_Projetced_1
Distance_Rivers

[ 200.0000001 - 500
I 500.0000001 - 750
I 750.0000001 - 1,000

[ ]o-200

<VALUE>

I 1.000.000001 - 2,000

Kilometers

10

7.5

5

0 12525

1 DISTANCE FROM WATERWAYS: Closer proximity to rivers have high flood
risk.

Figure 6-8 Distance from rivers
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1 STREAM POWER INDEX (SPI): Higher SPI values indicate areas that

experience strong water force during floods.

Legend

SPI

<VALUE>

I 3510957956 - -0.537038963
[ -0.537038963 - -0.273223568
[ ]-0273223568 - -0.105341045
[ -0.105341045 - 0.038558262
B Someiers I 0.038558262 - 2.604762554

0 12525 5 7.5

Figure 6-9 Stream Power Index
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1 TOPOGRAPHIC WETMESS INDEX (TWI): Higher value of TWI means it is

more prone to water accumulation or presence of higher moisture content

Legend

TWI

<VALUE>

[ ] -7.500216484 - -3.865662384
[ -3.865662383 - -1.941486684
I 1941486683 - 0.125220549
B 0.125220549 - 2.975851216
I 2075851217 - 1067255402

0 12525 5 7.5 10

Figure 6-10 Topographic Wetness Index
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6.2.1.2 GENERATION OF WARD LEVEL PHYSICAL VULNERABILITY

INDEX
To asses physical vulnerability at the ward level, a weighted overlay analysis was
conducted using key spatial indicators in the raster calculator. The following weights
were assigned based on their relative influence on flood vulnerability: Land Use Land
Cover(LULC) T 10%, Drainage Densitly 15%, Distance to Rivear 20%, Slopa 10%,
Elevationi 15%, Topographic Wetness Index (TWI)15%, and Stream Power Index
(SPI) T 15%. These weighted raster layers were combined to generate a composite
physical vulnerabilig map. This raster output was then integrated with the ward
boundary shape file using zonal statistics, allowing for the calculation of average
vulnerability scores within each ward polygon. The resulting values were normalized to a
common scale to faciaite comparison and interpretation. Finally, wards were reclassified
into three categori@shigh, medium, and low vulnerabildybased on the normalized
scores, providing a clear spatial visualization of floelhted physical risks across
Chennai's administtive landscape.

To further refine the vulnerability assessment, the composite physical vulnerability scores
were categorized into high, medium, and low vulnerability using the standard deviation
classification method. This statistical approach ensureédhbaclassification reflects the
natural variation in the data, with 'high vulnerability’ indicating wards with scores
significantly above the mean, and 'low vulnerability' indicating those well below it.
Following this, the physical vulnerability map waspped using the boundaries of
identified informal settlements. This step allowed for the isolation and visualization of
flood vulnerability specifically within slum areas, highlighting the spatial concentration

of risk among the most soeexonomicallydisadvantaged populations in Chennai.
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11 Physical Vulnerability Map

Figure 6
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Legend
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Figure 6-12 Ward wise physical vulnerability map
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6.2.2 SOCIO ECONOMIC VULNERABILITY

The socieeconomic vulnerability assessment was conducted using a robust quantitative
framework to evaluate disparities across different waird Chennai. The analysis
incorporated40 individual indicatorsgrouped intdl8 broad variablesapturing various
dimensions such as income, education, housing conditions, employment, access to basic

services, health, and social vulnerability (e.g.,SICand BPL population ratios).

Table 6-2 Listing of Socio economic variables

L] E C D E F G H | J K L M M
1 Tenability BPL and SCIST Housing Condition
Tenable Untena
Numb. PP lati Humber of Area of Tenable number bl Untenable  Number of Humber of Number Humber of Number of
umber of Population y e .
YWards Slums of Slums households  Slums (in number of of number number of households - households - of pucca  semi pucca kutcha
of Slums sq.m) slums h hol h BPL SCIST houses houses houses
de of slums
2
| 1 s 12259 3402 E2640 13 2889 2 513 204 2450 1554 1236 B2
4 2 22 13314 5082 93581 20 4315 2 TET 305 3660 2322 1847 14
£l 3 29 1347 5403 99434 21 4588 3 815 324 383 2483 1364 72
-] 4 1B 15031 4171 TES03 16 3542 2 623 250 3004 1306 1516 750
¥ =1 Fal 176 4316 30526 13 4175 2 142 295 3540 2245 1787 885
& =1 n 5457 ZB33 48474 1 2235 1 337 156 1536 1203 957 474
3 T 12 5362 ZFm 51006 n 2352 1 415 166 1335 1266 007 433
1o g 3 34T 1040 13146 4 §a3 1 =7 62 Td3 475 376 187
1 3 3 2432 X} 12423 3 573 a 10z 41 456 308 245 121
12 o z 1300 361 Gdd 1 3068 a 54 22 260 163 131 65
13 il 4 3637 015 18655 4 G62 a 153 ] il d6d 363 183
14 12 1 613 e 3162 1 146 a 26 1o 124 T 62 3
135 13 1] 1) 0 0 0 1) 1] 0 1) 1) a 0 1)
16 1 4 3407 343 17408 4 803 a 143 a7 61 432 344 170
17
16 15 1 6372 103 13662 1 &3 a 14 [ o1 42 33 22
13 & 13 E753 172 229806 il 1484 3 223 s G943 B34 B52 366
20 1w 14 4336 1815 243535 12 &7z 3 242 T4 a94 7358 B91 383
21 1 10 1230 1326 177997 3 43 2 77 a3 B53 537 505 283
22 19 3 2698 347 46530 2 300 1 46 22 ™ o 132 T4
23 20 -1 304 725 97310 S 623 1 ar 46 357 294 276 155
24 21 1 a gz 10360 1 il a il S 40 33 H 17

6.2.2.1 VARIABLE WEIGHTING USING SHANNON ENTROPY

To assign objective weights to the selected indicatorsSttemnon Entropy method

was used. This method measures the uncertainty or disorder in the data distribution, with
the premise that indicators with greater variability across spatial units contain more
information and should be assigned higher weights. The entropy value fandetior

Ej wascomputed using the formula:

Pij =

‘ m L] ]

E; ch pij In pi -E1 "ij k= (Inm) '
= 1=

Here,xij represents the value of théh indicator for the th ward, pij is the normalized

value, and is the total number of wards. Based on the calculated entropgsyaveights
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were derived inversedy indicators with lower entropy (greater variation) were assigned
higher weights.

Table 6-3 Assigning weights using Shannon Entropy

A B C D E B G H ] K L M N
1 Tenability BPL and 5C/ST Housing Condition

Number Tenable Untenabl Number
Number Number
Numb Populatio of Areaof Tenable number Untenabl e number of Number " ~ Number
umber o of semi
Wards nof  househol Slums (in number of e number of househol of pucca of kutcha
of Slums househol pucca
Slums ds of sq.m)  ofslums househol of slums househol ds - houses
ds - BPL houses
Slums ds ds SC/ST

houses

-4.84337 -4.79033 -4.75832 -4.64182 -4.81682 -4.73743 -4.83275 -4.79227 -4.61014 -4.74956 -4.59367 -4.80409 -4.85047
Entropy 0.914134 0.904123 0.898081 0.876093 0.909123 0.894138 0.912129 0.90449 0.870114 0.896428 0.867006 0.906719 0.915473
Degree of Diversification 0.085866 0.095877 0.101919 0.123907 0.090877 0.105862 0.087871 0.09551 0.129886 0.103572 0.132994 0.093281 0.084527
Weights 0.022733 0.025384 0.026984 0.032805 0.02406 0.028027 0.023264 0.025287 0.034388 0.027421 0.035211 0.024696 0.022379

Qe W N

6.2.2.2 VULNERABILITY RANKING USING TOPSIS

Following the entropypased weighting, th&echnique for Order of Preference by
Similarity to ldeal Solution (TOPSIS)d a Multi-Criteria DecisioAMaking (MCDM)
method was applied. This technique ranks alternatives (in this case, wards) by
calculating their elative closeness to the ideal (least vulnerable) and negadésk(most

vulnerable) solutions.

The normalized decision matrix (NDM) denotes the normalized values which represent
the relative performance of the alternatives.

By multiplying every elemeat of each column of normalized decision matrix got a
weighted decision matrix.
The PIS ( *) and the NIS (' ) are defined with respect to the weighted decision matrix
as follows.

NIS=I ={V[.,V,, .. ,‘u’q’}, where:

V. ={(mini(V, ) if m € J);(maxi V, ifmeJ’)}

WhereJ Nf associated with the nédoeneficial attributes andis associated with
beneficial attributes.
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P 3
5 =Jzi-<rf—’m V) :1=12 ... g

F
ST = S -v,)* i I=12. .. g

el

Where, | = Alternative index,
m = Criteria index.
The relative closeness of the ideal solution is computed as

S;

C'l.=—'_.'|]5'|:
(57 +57)

<1

Ranking is done based on the values of | C the higher value of the relativeeskobas a
high rank and hence the better performance of the alternative. Rank the preference in

descending order to compare the better per

6.2.2.3 ADDRESSING DATA DISTRIBUTION: LOG TRANSFORMATION

The distribution of the resulting TOPSIS scores was observed togbtskewed
indicating that a few wards had exceptionally low vulnerability while most had higher
vulnerability. To normalize the distribution and improve categorizationlo@
transforméon was applied. This transformation helped compress the scale and enhance
interpretability.

Histogram of P values of wards

0.5 0.6 0.7

Figure 6-14 Right skewed P value distribution
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Histogram of Log Transformation

20.0 I

17.5 1

Frequency

—4 -3 -2 -1
Values

Figure 6-15Normal P value distribution after Log transformation

6.2.2.4 CLASSIFICATION OF VULNERABILITY LEVELS

Posttransformation, the scores were standardized, atahdard deviatichbased
classificatiorwas used to categorize wards inteethulnerability levels:

High Vulnerability. Scores greater than one standard deviation above the mean
Medium Vulnerability Scores within one standard deviation of the mean

Low Vulnerability: Scores lower than one standard deviation below the mean

This method provided a statistically grounded classification system, allowing for a more

meaningful comparison across spatial units.

The final vulnerability map shows a clustering of high sagonomic vulnerability in

wards with high proportions of SC/ST aB&L populations, poorly built housing, lower
literacy rates, and limited access to health and basic services. Many of these coincide
with informal settlements, validating spatial overlap with physically vulnerable zones.
The combined approach of entrepsgsed weighting and TOPSIS ranking ensures an

objective, replicable method for vulnerability assessment.
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Table 6-4 Categorization of wards based on the P values acquired

A B C D E F
1 P values of wards Categories X values Y values Log Transformation
2 0.292591824 High -0.33015 0.001137 -1.228976735
3 0.413121606 High -0.32015 0.001591 -0.884013284
4 0.430132182 High -0.31015 0.002211 -0.843662718
5 0.345299568 High -0.30015 0.003049 -1.063342927
6 0.396746489 High -0.29015 0.004176 -0.924457768
7 0.227822932 Medium -0.28015 0.005679 -1.479186566
8 0.240532843 Medium -0.27015 0.007666 -1.424898639
9 0.096436469 Medium -0.26015 0.010275 -2.338870837
10 0.071674399 Medium -0.25015 0.013672 -2.635621653
11 0.043479991 Medium -0.24015 0.018061 -3.135454419
12 0.098218461 Medium -0.23015 0.023688 -2.320561088
13 0.031797953 Medium -0.22015 0.030845 -3.448353353
E 0.007127616 Low -0.21015 0.039876 -4.943778502
15 0.084237875 Medium -0.20015 0.051179 -2.474110636
16 0.043547443 Medium -0.19015 0.065215 -3.133904299
17 0.266713487 High -0.18015 0.082503 -1.32158028
18 0.272402289 High -0.17015 0.103624 -1.300475303
19 0.199598859 Medium -0.16015 0.129216 -1.611445632
20 0.097791861 Medium -0.15015 0.159969 -2.324913929

An in-depth examination of the wawmise socieeconomic vulnerability revealed that
certain areas consistently exhibited higher levels of vulnerability due to a combination of
structural and systemic disadvantages. Wards located in North Chennai, particularly in
zones such as Tondiarpet, Rpyeam, and parts of Thiru. Vi. Ka Nagar, ranked among
the most socikeconomically vulnerable. These areas showed high concentrations of
Scheduled Caste and Below Poverty Line populations, overcrowded housing, limited
access to sanitation, and low fematerkcy rates. In contrast, wards in South Chennai
exhibited lower vulnerability levels, supported by better infrastructure, higher income
levels, and broader access to education and healthcare. This spatial disparity highlights
the urgent need for targetgmblicy interventions and welfare programs that prioritize

resource allocation to the most vulnerable communities.
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Figure 6-16 Ward Wise Socio Economic vulnerability map
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Figure 6-17 Socio Economic vulnerability in the Informal Settlements of Chennai
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6.2.3 COMBINED VULNERABILITY MAPPING

To derive a more holistic understanding of flood risk exposure, a Combined Vulnerability
Index was calculated by integratifgpth physical and socieconomic vulnerability
components. Each component was assigned an equal weight of 0.5, reflecting the dual
importance of environmental and human dimensions in determining overall risk. The

formula used was:

Combined Vulnerability Index = (0.5 x Physical Vulnerability) + (0.5 x Socio
Economic Vulnerability)

This approach allowed for the synthesis of spatial data layers capturing-terseith

risksd such as elevation, slope, and drainage dehsitgh wardlevel socieeconomic
indicabrs like housing quality, literacy, and income. The result was a composite map that
clearly highlights wards with high cumulative vulnerability, enabling more targeted
disaster risk reduction strategies. This integrated mapping underscores that areas with

moderate physical risk but high so@oonomic fragility may still require prioritized

attention, and vice versa.

Table 6-5 Combined Vulnerability Index

A B C
1 Physical_Index Socio_Index Combined_Index
2 0.260437376 0.292591824 0.27604682
3 0.112610054 0.413121606 0.215688772
4 0.141153082 0.430132182 0.24640309
5 0.14612326 0.345299568 0.224624795
6 0.091167282 0.396746489 0.190184908
7 0.111900028 0.227822932 0.159666504
3 0.140159046 0.240532843 0.183610603
9 0.533939222 0.096436469 0.226916754
10 0.017040613 0.071674399 0.034948186
11 0.017608634 0.043479991 0.027669898
12 0.01221244 0.098218461 0.034633611
13 | 0.045015621 0.031797953 0.037833908
14 0.007526271 0.084237875 0.025179298
15 0.044589605 0.043547443 0.044065443
16 | 0.550411815 0.266713487 0.383147823
17 | 0.767537631 0.272402289 0.45725158
18 0.479125249 0.199598859 0.309245619
19  0.600113604 0.097791861 0.242252401
20| 0.317807441 0.110684403 0.187553531
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Legend
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Figure 6-18 Ward wise Combined Vulnerability Index
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Figure 6-19 Combined Vulnerability Index of Informal Settlements in Chenn
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6.2.4 INFERENCE FROM COMBINED VULNERABILITY INDEX:

The Combined Vimerability Index, calculated as an equatighted composite of

physical and socieconomic vulnerability, provides a holistic picture of flood risk across
Chennai 6s wards. Thi s Il ntegrated approach
vulnerability by o©nsidering not just the environmental and locational exposure to
flooding, but also the social and economic capacity of residents to cope with and recover
from disasters. The results reveal that the highest levels of combined vulnerability are
concentratedn wards located predominantly in the northern and central parts of the

cityd areas such as Zones 5, 6, and parts of Zéne/tsere informal settlements are

widespread.

These highvulnerability wards face compounded risks. Physically, they lie inlyavg

zones with poor natural drainage; high stream power, shallow slopes, and is in close
proximity to rivers and canals, which makes them more prone to waterlogging and
inundation. Simultaneously, soeegmonomic indicators in these ar@asuch as high
concentrabns of SC/ST populations, low household incomes, poor housing typologies
(kutcha and serpucca), and lack of access to sanitation and water supply, and low
educational attainmedtreflect structural disadvantages that reduce community

resilience.

Interesingly, some wards with moderate physical risk show high overall vulnerability
due to poor soci@conomic performance. For example, certain interior wards with better
elevation and drainage infrastructure still exhibit high vulnerability scores due to dense
slum populations, informal housing, and weak service delivery. Conversely, wards with
high physical exposure but better seempnomic indicatos such as improved
infrastructure, better housing conditions, and higher litéragtyow lower combined
vulnerability. This divergence underlines the importance of addressing social fragility

along with infrastructural deficits in disaster risk planning.

The Combined Vulnerability Index also helps in distinguishing between wards that
require urgent muksectorial itervention and those where targeted improvements in

either physical or social infrastructure might suffice. It enables a more balanced
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allocation of resources by highlighting where governance actions can achieve the greatest
impact. For instance, flood ngation projects in highly vulnerable wards must be
coupled with livelihood enhancement programs, commtbased disaster preparedness,

and infrastructure upgrades. Moreover, the findings validate the relevance of integrating
spatial GISbased analysis Wi socieeconomic data and multriteria decisiormaking
methods like Shannon Entropy and TOPSIS.

This layered understanding of vulnerability not only strengthens the empirical basis for

di saster risk reduction but also offers cr
planning and budgeting processes. It provides the foundation for dewglopalized,
equity-based climate adaptation strategies and serves as a compelling argument for

embedding resilience into both urban planning and welfare governance.

6.3 CAPITAL EXPENDITURE ANALYSIS

To assess the financial prioritization of flood managemerisa Chennai, the capital
expenditure data allocated for flooelated projects was extracted zemese from
Greater Chennai Corporationds budget docul
available only at the zone level, a disaggregation techniqueasigged to convert this

data to the ward level. This was achieved by proportionally distributing the capital
expenditure based on each wardés share of
contribution within its respective zone. Property tax serves aioXxy indicator of both

population density and economic activity, allowing for a more realistic estimation of
resource distribution. This method enabled the creation of a spatially disaggregated ward

wise capital expenditure map focused solely on flo@shagement interventions such as

storm water drain improvements, dslting, pumping infrastructure, and canal
rehabilitation. The resultant dataset supports a comparative analysis of fiscal investment
against physical and soeezonomic vulnerabilities, l@ng to highlight mismatches

between floogorone areas and public investment. It also lays the groundwork for
identifying underfunded highisk wards, which can inform future budget allocations and

improve equity in disaster preparedness spending.
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Table 6-6 Capital Expenditure in each ward
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6.4 CORRELATION AND REGRESSION BETWEEN

VULNERABILITY AND EXPENDITURE

6.4.1 CORRELATION ANALYSIS: ASSESSING THE DIRECTION AND
STRENGTH OF RELATIONSHIP

To understand the assodamat between capital expenditure and whendel vulnerability, a
nonparametric Spearman rank correlation was employed. This method was chosen due
to the nondlinear relationship observed between the two variables. The calculated
Spearman rank correlation efficient was -0.49, suggesting a moderate negative
correlation. This implies that as capital expenditure increases, vulnerability tends to
decreas® but not in a perfectly linear manner. The sum of squared differences between
the ranks was 1,987,851. Whe
direction and strength of the relationship, it does not capture the actual magnitude of

Spearmandés correlation 1is

change or account for spatial context.

Scatter Plot of Capital Expenditure vs Vulnerability
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Figure 6-20 Scatter Plot of Capital Expenditure vs. Vulnerability
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The moderate negative correlation suggests that when there is an increase in the

expenditure, there is a decrease in the vulnerability and vice versa.

6.4.2 REGRESSION ANALYSIS: QUANTIFYING THE IMPACT OF CAPITAL
EXPENDITURE

To further analyze the effect of capital expenditure on vulnerability, a logarithmic
regression model was applied, as the relationship between the variables was found to be
nortlinear. In this model, vulnerability was considered thependent variable, and
capital expenditure was the independent variable. The regression output showed an R
squared value of 0.031, indicating that only 3.1% of the variation in vulnerability is
explained by capital expenditure. However, theafjue was ®M16, which is below the

0.05 threshold, suggesting the relationship is statistically significant despite its weak
explanatory power. The AIC value e#05.3 supports the model's statistical validity,
albeit indicating limited predictive strength. Thessules highlight the complexity of

public expenditure impact, where the amount spent may not directly translate into

reduced vulnerability unless implemented efficiently.

OLS Regression Results

Dep. Variable: Vulnerability —R-squared: 0.031
Model: OLS  Adj. R-squared: 0.026
Method: Least Squares F-statistic: 5.876
Date: Sat, @8 Feb 2025 Prob (F-statistic): 0.0163
i 11:50:43  Log-Likelihood: 204.66

133 AIC: -405.3

181  BIC: -398.9

const 9.1089 ©0.008 13.330 0.000 ©.093 9.125
Log_Capital _Ex 8.1059 08.044 2.424 0.016 9.020 9.192

Omnibus: 48.805  Durbin-Watson: 0.979
Prob(Omnibus) : ©.000 Jarque-Bera (JB): 87.911
Skew: 1.323  Prob(JB): 8.14e-20
Kurtosis: 5.128  Cond. No. 7.56

Notes:
[1] Standard Errors assume that the covariance matrix of the errors is correc tly specified.

Figure 6-21 Logarithmic regression results
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Logarithmic Regression
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Figure 6-22 Scatter plot after logarithmic regression between the variables

6.4.3 SPATIAL REGRESSION: ACCOUNTING FOR GEOGRAPHIC
DEPENDENCE

Given the spatial nature of both capitexpenditure and vulnerability, traditional
regression techniques like OLS may overlook crucial spatial interdependencies. Hence, a
Spatial Lag Model (SLM) was applied. This model assumes that the vulnerability of a
ward is influenced not only by its owamaracteristics but also by those of its neighboring
wards. The model demonstrated a significant spatial lag coefficient, indicating spatial
dependenced where high vulnerability in one ward tends to coincide with high

vulnerability in adjacent wards.

Y = pWy + XB + €
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Y = Dependent Variable (Vulnerability)
pWy = Spatial Lag (Weighted sum of neighboring values)
XB =Independent variable (Capital Expenditure)

€ = FError Term

In the SLM, the Rsquared value improved markedly to 0.3181, showing that 31.8% of
the variation in vulnerability can be explained when spatial dependence is accounted for.
The pvalue of 0.02389 confirms statistical significance, and the AIC dropped to
449.885, signifying a better model fit compared to both OLS anespatal logarithmic
regression. These results suggest that vulnerability is not only a function of direct
investment but also spatially contagious, emphasizing the importance of regionally

coordinated investments in flood risk mitigation.

© OLS Regression Results:
REGRESSION RESULTS

SUMMARY OF OUTPUT: ORDINARY LEAST SQUARES DIAGNOSTICS FOR HETEROSKEDASTICITY
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, RANDOM COEFFICLENTS
TEST DF VALUE PROB
Breusch-Pagan test 1 3.248 0.0715
Number of Observations: 184 Koenker-Bassett test 1 1.593 9.2063
: ===== END OF REPORT ===================s=ssmssssosssss==s
Number of Variables : 2

Degrees of Freedon  : 182

REGRESSION RESULTS

1.15529 6.4874
©.006 0.01169 SUMMARY OF OUTPUT: MAXIMUM LIKELTHOOD SPATIAL LAG (METHOD = FULL)
0.080 205.409
-406.818

-400.388
184

0.1220

0.8809 Degrees o 181

8.3181

Spa do R-squared: ©.0353
CONSTANT 0.10928 0.00770 14.19115 ©.00000 Loy 2379424
Capital_Ex_Norm 9.08505 0.03339 2.54704 0.01169 i .8046 Akaike info criterion : 149885
""""""""""""""""""""""""""""""""""""""""""""" 9.9676 i
W g: Variable(s) ['Constant'] d for being tant

REGRESSION DIAGNOSTICS
MULTICOLLINEARITY CONDITION NUMBER 2.159

8.04349 0.81873 4.85217 000005
©.06435 0.02849 2.25882 0.02389
0.87617 7.14871 ©.00008

CONSTANT

TEST ON NORMALITY OF ERRORS
TEST DF VALUE PROB
Jarque-Bera 2 85.495 0.0000

8.54451

Figure 6-23 Spatial Regression results

6.4.4 INFERENCE AND IMPLICATIONS

The comparative analysis reveals that while capital expenditure does influence
vulneraility, its effects are complex and spatially dependent. The negative correlation
suggests that targeted investments can reduce vulnerability, but the weak explanatory
power of traditional regression indicates that effectiveness matters more than expenditu
volume. Spatial regression strengthens this insight by showing how vulnerability in one
ward can influence its neighbors, underlining the need for strategicceaaitinated
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urban planning. These findings advocate for policies that consider botH dyataics

and implementation efficiency to address urban flood vulnerability more effectively.

6.5 FINAL CLASSIFICATION OF WARDS AND INFORMAL
SETTLEMENTS

To gain deeper insights into the relationship between flood vulnerability and capital
expenditure,wards were categorized into four distinct typologies based on their
combined vulnerability index and walelvel capital expenditure. This typology helps

assess not just the adequacy but also the efficiency of investment in flood risk

managementacrossClmea i 6 s ur ban | andscape.

Table 6-7 Final Classification of wards based on Vulnerability and capital expenditure

A B C D
1 Ward_No Vulnerability Capital_Ex Category
2 1 0.27604682 0.0286495 High Vulnerability, Low CapEx
3 2 0.215688772 0.325058 High Vulnerability, High CapEx
4 3 0.24640309 0.181604 High Vulnerability, High CapEx
5 4 0.224624795 0.0637754 High Vulnerability, Low CapEx
6 5 0.190184908 0.542051 High Vulnerability, High CapEx
7 6 0.159666504 0.0871857 High Vulnerability, High CapEx
8 7 0.183610603 0.183891 High Vulnerability, High CapEx
9 8 0.226916754 0.0653706 High Vulnerability, Low CapEx
10 9 0.034948186 0.0537598 Low Vulnerability, Low CapEx
11 10 0.027669898 0.0663769 Low Vulnerability, Low CapEx
12 11 0.034633611 0.0789621 Low Vulnerability, High CapEx
13 12 0.037833908 0.0838847 Low Vulnerability, High CapEx
14 13 0.000000005 0 Low Vulnerability, Low CapEx
EI 14 0.025179298 0.100804 Low Vulnerability, High CapEx
16 15 0.044065443 0.0514741 Low Vulnerability, Low CapEx
17 16 0.383147823  0.117238 High Vulnerability, High CapEx
18 17  0.45725158 0.0774104 High Vulnerability, High CapEx
19 18 0.309245619 0.60155 High Vulnerability, High CapEx
20 19 0.242252401  0.142574 High Vulnerability, High CapEx
21 20 0.187553531 0.0270844 High Vulnerability, Low CapEx
22 21 0.03857449 (0.0271068 Low Vulnerability, Low CapEx
23 22 0.087868563 0.148287 Low Vulnerability, High CapEx
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Legend
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Figure 6-24 Classification of wards based on vulnerability and capital expenditure
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Figure 6-25 Classification of informal settlements based on vulnerability and capital expenditure
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