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Abstract. The Intergovernmental Panel on Climate Change stresses the importance of vulnerability and expo-
sure along with hazard in defining flood risk. Therefore, a novel approach for flood risk quantification is pro-
posed that evaluates the impact of various realistic socio-economic scenarios on risk reduction. The flood hazard
is derived from a hydrodynamic flood modelling framework over Mumbai, India’s highly flood-prone coastal
megacity. The socio-economic vulnerability is assessed by a multivariate approach based on principal compo-
nent analysis and data envelopment analysis. Finally, the flood risk is quantified and mapped by aggregating
hazard and vulnerability for different socio-economic scenarios, also key indicators contributing to a significant
reduction in vulnerability and risk are identified. This non-structural long-term flood risk management approach
will benefit densely populated urban areas, especially in developing, and underdeveloped countries.

1 Introduction

The assessment of flood risks is the most critical non-
structural flood management strategy that requires global at-
tention and is of utmost importance; Civic bodies, decision-
makers, and the society alike have found it imperative (Shao
et al., 2016). Flood risk primarily consists of two major com-
ponents, flood hazard (H ) and flood vulnerability (V ), and
is characterized in an univariate representation as a combi-
nation of both factors (Karmakar et al., 2010) i.e., a product
of H and V . In other words, it evaluates the likelihood of
flooding, and the degree of risk is principally characterised in
terms of probability of occurrence (Kron, 2005), depth, ve-
locity or combination of both and residence time of flood wa-
ter. However, very less importance has been given to socio-
economic vulnerability in the previous studies in terms of
flood risk mapping. It has become important to recognize the
significance of socioeconomic aspects of vulnerability, since
floods bring substantial losses in society like death of family
member, loss of temporary or permanent jobs, destruction of
property, while concurrently quantifying the flood damage in
terms of hazard. In these lines, this study aims to develop

a comprehensive vulnerability mapping framework address-
ing the socio-economic aspects, by utilising a nonparametric
data envelopment analysis (DEA). Simultaneously, a severe
flood hotspot of Mumbai, the Mithi catchment, is considered
to assess the overall changes in flood risk maps, an amal-
gamation of flood hazard (developed with a hydrodynamic
flood modelling framework) and vulnerability maps, under
various socio-economic scenarios.

2 Methodology

Mumbai, one of the most crowded cities in India with a pop-
ulation of around 12 million as per the most recent Census
of India 2011 data and has now increased to around 20 mil-
lion (Ghosh et al., 2021b), is the focus of this study. The
average population density of 20 000 per km2; where more
than half of the population resides in slums (Census of India,
2011). As the city grew, many areas were reclaimed to meet
the demand for space. Originally, the city was made up of
a cluster of islands. This has led to its inherent vulnerabil-
ity to floods especially in the low-lying regions at or below
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mean sea level. The city primarily comprises of two revenue
districts under the Municipal Corporation of Greater Mum-
bai (MCGM) – Mumbai city district (67.79 km2) and Mum-
bai Suburban district (370 km2). These are further divided
into six zones, each consists of three to five wards – account-
ing to a total of twenty-four wards alphabetically named by
MCGM. There are nine wards in Mumbai city district and
fifteen wards in Mumbai suburban district. The city has been
further divided into eighty-eight sections for vulnerability as-
sessment in this study to efficiently manage the city’s huge
human population. As fine resolution DEM data are available
for the flood-prone Mithi catchment of Mumbai, the hazard
assessment was conducted over this catchment.

2.1 Vulnerability Assessment

The social and socioeconomic theme is considered for vul-
nerability assessment by utilising an indicator-based ap-
proach using the framework described by Sherly et al. (2015)
(Fig. 1). A list of indicators representing socio-economic
conditions were selected and categorised into positive (in-
creasing vulnerability) and negative indicators (decreasing
vulnerability) categories based on a comprehensive literature
review. Since units of different indicators vary, an initial stan-
dardisation process was conducted as per the Eq. (1):

V std
i =

Vi −V
min
i

V max
i −V min

i

(1)

where, V std
i is the standardised vulnerability= of the ith sec-

tion/grid; V max
i and V min

i are the maximum and minimum
counts of vulnerability indicator respectively; and Vi is the
count pertaining to the ith grid. After the identification of
vulnerability indicators in each of these grids, data envelop-
ment analysis (DEA) is performed to give an optimal weight
for each indicator from which the vulnerability is quantified
(Van Rossum and Drake, 1995). Further to decorrelate the
higher correlated data sets, increase explicability, and com-
putational efficiency, principal component analysis (PCA) is
performed (Jolliffe, 2002). The PCA aids to decrease the sen-
sitivity to overfitting in DEA, by reduction of dimensions of
the problem, i.e., the 11 socio-economic indicator values ob-
tained for all the grid points over the spatial domain. The
indicators are linearly transformed to orthogonal variables in
order of explanation of variance known as principal compo-
nents (PCs). A considerable variance is explained by the PCs
with higher eigenvalues which reduces the dimension of the
dataset.

DEA is a method for estimating the relative efficiency of
units that are called decision making units (DMU), when it
is difficult to identify absolute measures of efficiency. Here
each grid or spatial unit may be considered to be a DMU.
This non-parametric technique makes no assumptions about
the form of the function. It is a non-stochastic approach in
which all observations are treated as deterministic. The DEA

Figure 1. Proposed framework of indicator-based quantitative spa-
tial socio-economic vulnerability assessment.

aims to evaluate how well the DMUs are performing using a
data-oriented approach, which communicates multiple inputs
into multiple outputs, based on a data-driven nonparamet-
ric approach. Unlike other methods, it doesn’t require expert
elicitation to determine how to assign weightages to various
vulnerability indicators (Cooper et al., 2011). The efficiency
of each DMU is measured by the distance of its input output
vectors to a piece wise linear frontier.

In DEA model, each DMU converts inputs to outputs. The
DEA model optimises each observation with the objective of
calculating a discrete piecewise frontier determined by the
set of Pareto efficient DMUs. The number of DMUs must
be no less than the number of inputs and outputs, and the
variables must have low correlation, otherwise, the capacity
of the DEA model to calculate the efficiency will be reduced.

In this study, the slack based input-oriented BCC model
which considers variable returns to scale (VRS) was adopted,
given by:

minimise
[
θ − ε

(∑m

i=1
s−i +

∑s

r=1
s+r

)]
(2)∑n

j=1
λjxij + s

−

i = θxip, i = 1, . . .,m∀p (3)∑
%n
j=1λjyrj − s

+
r = yrp, r = 1, . . ., s∀p (4)∑n

j=1
λj = 1 (5)

λj ,ε ≥ 0 (6)

where p is the grid being evaluated; θ (0 < θ ≤ 1) is the tech-
nical efficiency of the grid; yrj is the amount of output r pro-
vided by grid j , xij is the amount of input I used by grid j ; λj
is the weight assigned to grid j ; s−i and s+r are the slack and
remnant variable respectively; and ε is the non-Archimedean
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infinitesimal, generally taking ε =10−6. Following this, the
DMU’s technical efficiency, θ , are utilised to get the respec-
tive vulnerabilities which is calculated as vi = 1− θi which
differs between 0–1, here 0 is the minimum and 1 is the max-
imum values of vulnerability.

The vulnerability indicators chosen should be appropri-
ately representative, relevant, justifiable and feasible with re-
spect to the system (European Environment Agency, 2005;
Vittal et al., 2020). The numerical data required for the de-
velopment of social and economic indicators for the study
are collected from Municipal Corporation of Greater Mum-
bai MCGM, Google Earth, and the Census of India (2001,
2011). The census data are available at the section level. The
set of indicators considered are enumerated in Table 1.

Several efforts have been taken towards flood risk man-
agement by adapting strategies for reduction of flood hazard.
However, the implementation of measures to reduce the vul-
nerability of a population to flood which may be beneficial in
reduction of flood risk has been less discussed in literature.
This can be an effective long-term measure for alleviation of
flood risk. The non-working and illiterate section in the so-
ciety especially female population are affected the most dur-
ing a heavy flooding event. Hence taking measures towards
reduction of their vulnerability to floods by educating them
and providing them employment may help in reduction of
flood risk and overall upliftment of society. In these lines,
for the current study, vulnerability assessment is performed
considering these 11 socio-economic indicators for five dif-
ferent socio-economic scenarios to identify the key indica-
tors which contribute to a significant change in vulnerability.
Certain sections considered to examine the reduction in vul-
nerability in response to the change in values of indicators
based on the feasibility of change in indicators. The scenar-
ios considered are as follows:

1. 2001 – Baseline scenario

2. 2011 – Baseline scenario

3. 2011 – Total reduction in the number of non-workers by
10 %.

4. 2011 – Total increase in female literacy by 10 %.

5. 2011 – Total increase in total literacy by 10 %.

The vulnerability maps are derived for these scenarios fol-
lowing the framework given in Fig. 3 in GIS interface and
are compared to identify the key indicator responsible for the
reduction in vulnerability.

2.2 Hazard Assessment

A flood hazard is a measure of the likelihood that a flood
will occur at a specific location and time, and is represented
as flood inundation depth, velocity, extent, onset, critical re-
sponse time to certain depth of flooding, and other character-
istics in previous studies (Ghosh et al., 2023; Mohanty et al.,

Figure 2. Proposed framework of indicator-based quantitative spa-
tial socio-economic vulnerability assessment.

2020; Russo et al., 2013). In the present study a framework is
developed for flood modelling through a 3-way coupled ap-
proach for the Mithi catchment to estimate the flood hazard
as illustrated in Fig. 2.

The MIKE 11 model with drainage network has been cou-
pled with the MIKE 21 model in MIKE FLOOD (Danish Hy-
draulic Institute (DHI), 2020) for the Mithi catchment and
flood inundation scenarios have been generated for 10 and
100 years return periods of rainfall (India Meteorological
Department, 2023), discharge, and tidal elevation data (In-
dian National Centre for Ocean Information Services, 2023),
the major influencers of flooding. Both the models are in-
dividually setup and then MIKE 11 along with stormwater
drainage network along with MIKE 21 are linked in MIKE
FLOOD as represented in Fig. 2. A detailed illustration for
the holistic hydrodynamic framework can be found in Ghosh
et al. (2021a). The momentum and continuity equations are
solved in the MIKE 11 model for simulation of streamflow
and the 2-D Navier-Stokes equations are solved in the MIKE
21 model for simulation of overland flow, and finally the
flood inundation depth (m) and extent obtained is utilized
to represent the flood hazard for the catchment. Finally, the
flood inundation and hazard maps are derived for the vari-
ous rainfall scenarios. The Australian Flood Hazard Classi-
fication is considered to classify flood inundation and hazard
into various classes (AIDR, 2017). The inundation is clas-
sified into seven categories based on depth only and hazard
into six categories based on both depth and velocity.

2.3 Risk Assessment

Risk is expressed as combination of two major components,
i.e., hazard and vulnerability (Knighton et al., 2017). Flood
risk maps indicate the potential adverse consequences of
floods under a variety of probabilities, such as the number
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Table 1. List of social and socio-economic vulnerability indicators considered in the study.

Sl. No. Indicators Justifications

1 Total population The evacuation process during floods becomes difficult with increase in
population

2 Total number of households The potential loss and recovery increases

3 Female population Higher responsibility for family and children makes their movement
difficult; higher susceptibility to health complications from hazards

4 Number of children below 6 years Physically weak, incapable of response to disaster and decision making;
require special attention

5 Total number of Scheduled caste and Scheduled
tribe population

Categorized as socially backward community by government

6 Total number of female Scheduled caste and
Scheduled tribe population

Categorized as socially backward community by government; Higher
responsibility for family and children make their movement difficult

7 Total illiteracy ( %) May have issues in communication, face difficulty to understand, access
and respond to recover from disaster.

8 Female illiteracy Face difficulty to follow evacuation warning and take care of family
during disaster

9 Total number of marginal workers Marginal workers work for less than six months per year. There may
not always be a stable or continuous employment and income for these
workers throughout the year because they are often employed irregu-
larly or on a seasonal basis. Landless laborers who will suffer most after
disaster as they would be jobless

10 Total number of female marginal workers Landless female laborers who will suffer most after disaster as they
would be jobless; higher responsibility towards family

11 Total number of non-workers Dependent members in their family, which increase vulnerability

12 Extent of slums Socially economically most backward

of inhabitants potentially affected, the type of economic ac-
tivity affected, and the installations that could cause acciden-
tal pollution during flooding. Various approaches have been
adapted in literature to quantify risk such as univariate flood
risk mapping, in which risk is expressed as product of haz-
ard and vulnerability (Vojinovic et al., 2016; Arrighi et al.,
2019); and bivariate flood risk mapping, where hazard and
risk are mapped as two different but spatially correlated vari-
ables in same map using a choropleth representation (Mo-
hanty et al., 2020; Vittal et al., 2020; Ghosh et al., 2023),
among many others. For the current study the univariate risk
mapping approach is used for flood risk assessment. Here,
the assessment of flood risk requires hazard and vulnerability
estimations separately, which are subsequently aggregated.
Univariate flood risk is used to calculate the magnitude of
risk from hazards and vulnerabilities in the current study. By
multiplying the hazard values with the vulnerability values, a
risk value is generated that is further standardized between 0
and 1 and divided into very low, low, medium, high, and very
high-risk categories (AIDR, 2017), and flood risk maps for
each scenario for the area under consideration are developed.

3 Results and Discussion

Figure 3 shows the socio-economic vulnerability maps using
DEA for the different scenarios considered. The framework
developed proposes an indicator-based approach in which
relevant attributes related to socio-economic vulnerability are
brought into a spatial database. Five socio-economic sce-
narios are considered, namely the baseline scenario of 2001
and 2011 and three other scenarios where the indicators like
percent of literate population and female population are in-
creased each by 10 % and non-worker population are reduced
by 10 % for different scenarios to depict the reduction in vul-
nerability. As expected, the vulnerability increased in 2011
than that of 2001, which can be attributed to the increase
in vulnerable population in the study area as a result of un-
planned expansion, slum dwelling population resulting in in-
crease in non-working population, illiterate population, etc.,
among many other factors. Due to the presence of a large pro-
portion of slum areas and large population density along the
Mithi riverbanks making them more susceptible to the im-
pacts of flooding, high vulnerability is found in those regions
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Figure 3. Socio-economic vulnerability mapping for different sce-
narios considered.

which can also be visualized from the vulnerability maps.
When compared with the baseline scenario of 2011, the sce-
nario where the percentage of non-workers was reduced con-
tributed the most to overall vulnerability reduction among
the five scenarios. Female literacy has a greater impact on
overall vulnerability than total literacy. The increase in total
literacy contributes almost nothing in decrease in vulnerabil-
ity. The percentage of illiterate female population is high in
south-eastern, eastern, and central parts when compared with
other areas of the city. Correspondingly, the percentage dis-
tribution of total illiterate population across the city is not
as uneven as the female illiterate population. Hence, the sce-
nario of female illiteracy reduction results in greater reduc-
tion in vulnerability values for obvious reasons. The figures
also clearly demonstrate the decadal change in vulnerability.
As a result, this scenario-based socio-economic approach can
be useful in reducing socioeconomic vulnerability.

Inundation and hazard maps derived with a 3-way coupled
hydrodynamic flood modelling method are shown in Fig 4.
The flood inundation is represented in terms of flood depth
and the hazard is quantified by taking into consideration both
inundation and velocity as per Australian Flood Hazard Clas-
sification (AIDR, 2017). As reflected in the flood maps, with

Figure 4. Inundation maps for (a) 10 year and (b) 100 year return
period and hazard maps for (a) 10 year and (b) 100 year return
period.

an increase in rainfall return periods, flood inundation ar-
eas have increased. In areas with higher rainfall, depth, dis-
charge, and tide, there is a greater chance of flooding. Like-
wise, for hazard maps, high intensity of rainfall and discharge
leads to more inundation as well as increased flow velocities.

The risk maps are derived which are combination of vul-
nerability and hazard using univariate approach represented
in Fig. 5. The risk maps also show similar trend, i.e. the risk
increases in increase in return period of rainfall, and with in-
crease in vulnerability the risk also gets magnified. The 2001
and 2011 baseline scenarios are marked under blue and red
borders respectively while the different scenarios are repre-
sented under orange borders. It is observed that the socio-
economic scenario in which the total literacy is increased has
almost no effect on overall reduction of risk. The other two
scenarios, i.e., 10 % reduction in non-workers and 10 % in-
crease in female literacy with respect to 2011 census data
reduces the overall risk with respect to the baseline 2011 sce-
nario.
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Figure 5. Demonstrative risk maps derived for 10 year and 100-year return periods for different socio-economic vulnerability scenarios for
Mithi river catchment.

4 Conclusion

In the present study, a comprehensive vulnerability mapping
framework addressing the socio-economic aspects (e.g., to-
tal population. illiterate population, households, elderly and
children population, etc.) using a nonparametric data envel-
opment analysis (DEA) is developed. Further vulnerability
assessment under different socio-economic scenarios is per-
formed to identify the key indicators which contribute to a
significant change in vulnerability. A 3-way coupled hydro-
dynamic flood model is implemented for flood modelling.
The inundation and hazard maps for 10 and 100 years of re-
turn period of rainfall are derived. The results indicate that
with the alteration in the feasible socio-economic indicators
the overall vulnerability maybe reduced. The inundation and
hazard increase with increase in return period. In addition
to implementation of various methods to alleviate the flood
hazard, the overall risk can be reduced by reducing the vul-
nerability as described in various scenarios in this study. The
study may be further extended by considering more socio-
economic vulnerability scenarios and for deriving bivariate
flood risk maps and hence the marginal contribution of both
hazard as well as vulnerability can be deduced. The retention
and recession time can be considered to evaluate flood re-
silience of an area to flooding as a future scope of the study.
The current study primarily focusses on evaluation on long
term flood management options by adapting various vulner-
ability scenarios for flood risk alleviation, therefore the flood
inundation depth and extent (major indicators) has been con-
sidered for flood hazard assessment. In future, this study may
be extended to include other descriptors of flood hazard and
resilience and with updated census of India data when avail-
able.
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