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ABSTRACT

The mapping of flood risk is important to identify areas at risk and to improve flood disaster management and
preparedness. Flood risk is often expressed as the product of the hazard and the probable consequences which is
determined in terms of direct damages by assessing flood vulnerability and exposure. This study aims to develop
the flood risk assessment (FRA) framework for the dense semi-urban region by incorporating flood hazard,
topographic and socio-economic vulnerability, along with exposure, which is calculated by considering housing
conditions and classification of the damages by different land use and land cover classes. The FRA at the
municipal level is challenging due to the spatial resolution of social, economic, and medical indicators therefore
this study attempts to map the flood risk of the semi-urban region where the different zones and housing
communities are intertwined due to a lack of town planning. This FRA framework is applied to the Kulgoan-
Badlapur Municipal Council (KBMC) located at the Ulhas Riverbank, a west-flowing river in Maharashtra,
India. The city is located at the riverbank, which receives more than 2000 mm rainfall annually, and as most
growing industries and businesses depend on the river itself, the risk associated with flood increases
exponentially. The study shows that the spatial distribution of the flood risk is higher in the wards which are
densely populated and near the river stream. Despite low population and assets, some neighborhoods are highly
susceptible to flood due to their topographical conditions. Over the years, the population has been increasing in
the neighborhoods due to the new real estate projects, which will make them more vulnerable to floods, and the
overall risk is increasing. Study shows that the 82% of the area of Valavli and Manjarli ward comes under high
flood risk due to high topographic vulnerability and exposure. Similarly the few parts of Industrial zone also
comes under the high risk because of its location near river bank. The wards like Kulgaon comes under medium
flood risk despite its high socio-economic vulnerability and high exposure which proves that the flood risk is
majorly depends on the flood inundation. The exposure-based flood risk assessment will help to frame a more
practical and reasonable evaluation of risk for growing urban and industrial zones.

Keywords: Flood risk; Vulnerability; Exposure; Hazard; Kulgoan-Badlapur Municipal Council; Ulhas River.

1. INTRODUCTION

A flood is defined as the water overflow from river banks to the adjoining area. The damage caused by floods in
terms of loss of life, property, and economic loss is all too well known (Merz et al. 2010; Nofal and van de Lindt
2020; Sen, Dutta, and Laskar 2021; Svetlana, Radovan, and Jan 2015). Floods have a huge impact than any
other disaster event and have a high destructive potential to alter the ecology, and it can cause social and
economic damages. Floods are one of the disastrous extreme hydrological events responsible for the thousands
of casualties worldwide and billion dollars of economic damage (Komolafe, Herath, and Avtar 2018; Mokhtari,
Soltani, and Mousavi 2017)With an increase in population every year, more and more flood-prone areas are
occupied for residential, agricultural, and industrial activities. Under normal conditions, the area was used for
floodwater storage now has become build-up areas, leading to frequent flooding of these areas and the
possibility of large-scale economic damages (Grigg 2020; Koks et al. 2015).

In the past, different studies expressed the flood risk as a function of flood hazard and vulnerability which
analyzes the intensity of the flood and the damage caused to the assets (Ali, Bajracharya, and Koirala 2016;
Jato-Espino et al. 2018). In the last two decades, the FRA is improved from a one-dimensional hazard

assessment to a multi-dimensional risk assessment considering the factors such as social and economic
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vulnerability(Bengal, Chakraborty, and Mukhopadhyay 2019; Ghosh and Kar 2018; Nguyen et al. 2021; Sahoo
and Sreeja 2017; Tripathy et al. 2020a). The advances in the capacity of computational resources help to
incorporate multiple parameters responsible for the flood risk (Doorga et al. 2022; Monteil et al. 2022). In
single-dimensional FRA, the flood hazard is considered as one of the following factors like rainfall intensity,
flood inundation, flood depth, and rising sea level in coastal flooding. The multivariable FRA depends on the
flood hazard, vulnerability, and exposure, structural and non-structural measures as flood preparedness. Along
with the hazard, flood vulnerability is essential in assessing the possible damage due to flood events (Bengal,
Chakraborty, and Mukhopadhyay 2019; Franci et al. 2016; Kabenge et al. 2017). The socio-economic
conditions can be considered to evaluate the vulnerability and compute the direct and indirect damages. The
flood exposure still hasn't been incorporated well in the flood risk framework, maybe because it requires
combining the quantitative and qualitative data(Imran et al. 2019; Kittipongvises et al. 2020; Mohanty, Mudgil,
and Karmakar 2020).

The FRA for the unplanned semi-urban region is challenging due to homogenous socio-economic conditions,
which makes it difficult to divide the municipal council into different zones. The study attempts to classify the
wards of the municipal council based on various indicators which are responsible for flood vulnerability and
exposure. In this study, the flood risk of the Kulgoan Badlapur municipal council (KBMC), Maharashtra, India
is assessed by incorporating flood exposure with socio-economic and topographic vulnerability and flood
hazard. The KBMC is located near Western ghat, India, and The Ulhas River flows through the KBMC, which
is the home of around 18.4 million people, according to the 2011 census. Due to its location in the Mumbai
metropolitan region (MMR) and the industrial zone, the population is increasing. As the city is located at the
river bank and most growing industries and businesses depend on the river itself, the flood vulnerability
increases exponentially. For FRA, several studies majorly focused on the flood hazard and vulnerability, which
fails to assess the possible direct and indirect damages to the infrastructure and industrial zone. Therefore, the
main objective of this study is to incorporate the exposure associated with the industrial zone and infrastructure
into the risk assessment framework along with socio-economic vulnerability. Along with the main objective
following are the some objectives of the study:

e This study aims to develop the FRA framework for the unplanned semi-urban region by incorporating
flood hazard, socio-economic, topographic, and medical vulnerability along with infrastructural
exposure.

e To develop the flood risk map at ward level for municipal councils to allocate the resources for the
flood mitigation.

e To assess the risk involved with the different resources in terms of direct probable damages by
including the flood exposure based on the different land use and zones in municipal council.

The flood hazard is considered as the flood inundation simulated using the HEC-RAS model. The vulnerability
is calculated by considering different topographic and socio-economic parameters using Analytical Hierarchy
Process (AHP), and the exposure is calculated by considering plinth height, road network density, and type of
buildings. The following sections discuss the proposed framework for flood risk assessment, and the subsequent
section presents the application of the proposed FRA framework for the KBMC region, and the corresponding

results are discussed focusing on evaluating different flood risk parameters for each ward of the KBMC area.
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2. METHODOLOGY
The risk is expressed as the expected loss of life, property damage, disruption of economic activity,
environmental damage, etc (Barrett, Steinbach, and Addison 2021). This provides the base for the multi-
dimensional flood risk assessment in which the consequences in terms of expected losses are essential to
calculate and interpret flood risk effectively along with the flood hazard. This study incorporates topographic,
socio-economic vulnerability, and exposure for semi-urban unplanned municipal council and Figure 1 shows
the flow chart of the proposed framework.
The flood hazard is calculated by classifying the risk level of flood inundation, and the assessment of
consequences are divided into vulnerability and exposure. The vulnerability is determined based on the
combined index of topographic factors, socio-economic factors, and medical indicators similarly the exposure is
calculated using two indicators, viz.,indicator based on road networks across cities and housing types, and the
other indicator based on the degree of importance of the land use and land cover classes. Finally the FRA can
be interpreted mathematically as the product of flood hazard, vulnerability, and exposure.
The flood hazard is calculated considering the flood inundation extent corresponding to different return periods
(50-year, 100-year, and 200-year). The flood magnitude of the various return period is calculated using
Intensity-Duration-Frequency (IDF) curve. The flood hazard assessment in various studies involved the
determination of the flood inundation, estimating the peak discharge and associated water levels, along with the
probability of the extreme rainfall or discharge (Cancado et al. 2008; Diez-Herrero and Garrote 2020; Ganguli
and Reddy 2013; Koks et al. 2014; Kron 2002; Molinari et al. 2019; Tripathy et al. 2020b; Wang et al. 2019).
To estimate the flood hazard, few studies proposed the multi-criteria methods, which calculate the hazard based
on the different factors associated with it. This type of calculation is more suitable for the spatial analysis of the
hazard, where the observed discharge and associated water levels data are not available. Figure 2 shows the flow
chart of methodology for mapping of the flood hazard.
For calculating the flood extent, steady flow hydraulic modeling is performed using the HEC-RAS model. The
HEC-RAS model uses energy, continuity, and momentum equations with an iterative procedure using the
standard step method (USACE 2016). The HEC-RAS model computes the flood water elevation by taking
inputs of the geometrical data and discharge values for different rainfall intensities, and the discharge values at
all reaches, junctions, and watersheds are computed using the hydrological model, HEC-HMS (Feldman 2000).
The HEC-HMS uses the SCS-CN method for calculating the runoff volume in which the rainfall data and the
CN grid are required as the model's input. The 50 years, 100 years, and 200 years rainfall intensities are
calculated using Intensity-Duration-Frequency (IDF) curves (Kothyari and Garde 1992) in which the hourly
rainfall data of Indian Meteorological Department's (IMD) is used. After calculating the rainfall intensities, the
values are used as an input in the calibrated HEC-HMS model. The discharge values are incorporated into the
HEC-RAS model to estimate the flood inundation extent for 50 years, 100 years, and 200 years which then
divided into different hazard zones. After calculating the flood hazard the flood vulnerability is calculated based
on two aspects: The city's physical and topographical conditions and the socio-economic condition to bear the
shocks after flood events or to understand the resilience towards floods. Figure 3 shows the flow chart for

determining the high and low vulnerable zones in the municipal council.



158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

183

184

185
186

187

188

189
190
191
192
193
194

To calculate the topographic vulnerability, factors like elevation, slope, distance from the river, drainage
density, flow accumulation, topographic wetness index (TWI), Stream power index (SPI), and curvature are
considered. The elevation is the factor that influences highly as compared to the other parameters. The low
elevation area has a high probability of getting flooded as compared to the high elevation. The distance from
river and drainage density are key parameters to understand the extent and time for the flood water to reach into
the city. The topographic wetness index (TWI) is calculated to understand the probable flood inundation regions
in the basin which is calculated using Moore's equation (Moore, Grayson, and Ladson 1991). Other factors like
flow accumulation, curvature, and stream power index (SPI) also help to determine the critical regions
vulnerable to floods. To calculate the combined topographic vulnerability index, the Analytical Hierarchy
Process (AHP) is used.

The AHP method introduced by (Saaty 1987) which uses the pairwise comparison matrix to calculate the
weightage of each parameter to establish the vulnerability map. The comparison between different parameters is
made by assigning the numerical values to each component based on the relevance and significance (Bengal,
Chakraborty, and Mukhopadhyay 2019; Chen, Yeh, and Yu 2011; Danumah et al. 2016; Ghosh and Kar 2018;
Hu et al. 2017; Lin, Wu, and Liang 2019; Ramkar and Yadav 2021). Table 1 shows the pairwise comparison of
different topographic parameters. For example, 'l' is for the equally significant, 3 for moderately more
significant, 5 for strongly more significant, and 7 for very strongly more significant. And 2, 4, and 6 are the
intermediate scores. Table 2 shows the normalized weightage of each topographic parameter.

The steps involved in the AHP procedure for calculating the weightages is given below:

1. Identify the important factors and/or parameters in the flooding problem.

2. Arranging the parameters into hierarchical order based on each parameter's influence on the flood
vulnerability.

3. According to the relevance of the factors, the numerical value is assigned from 1 to 7.

4. A comparison matrix is built, and the eigenvector computes the normalized weights.

The comparison matrix is built with the diagonal elements being equal to 1, using the following expression:

a1 aq, TS
— = (a1 az2 ..az
A= (aij)m*n - : : n ’
An1  Anz - Qpp
_ _ 1
aii = 1, aij = a— ,aij * 0 (1)
Jji

The consistency of the AHP method is assessed using consistency ratio (CR). Following is the expression for

CR (Saaty 1987):

Consistency Index (CI)
Random Index (RI)

CR =

, CR <0.10 is acceptable 2)

Amax—n

Where,CI =

,Amax = Principal eigenvalue of the matrix 3)

The Random Index (RI) is determined by the number of parameters in the comparison matrix. The value of RI is
referred from the table given in Saaty's 1980 work on the AHP. Each topographic factor is divided into five
categories, and the sub-criteria AHP analysis is done for every element to neglect the effect of the different
units. Table 3 presents the sub-criteria pairwise comparison matrix of each parameter.

Along with the topographic vulnerability, the socio-economical plays an essential role in understanding indirect

flood damages. The factors such as total population, population density, household income, and medical
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indicator which is based on the percentage of the people vaccinated against the flu, etc., are considered as key
factors to understand the spatial distribution of the vulnerability. The choice of indicator for the vulnerability
depends on the demographic data availability. Some indicators are positive in terms of flood vulnerability,
which increases the vulnerability with an increase in the values, for example, the total population across
different wards, population density, and the number of houses. Some indicators help to reduce the flood
vulnerability as the percentage of vaccination of the dependant population, interprets the region's health
condition. High vaccination percentage indicates the low vulnerability of the people to water-borne diseases due
to floods. The combined vulnerability index is then calculated by assigning a weight to each factors based on
how they influence the flood vulnerability, more or less. Using the standardization approach, the parameters are
converted into a scale from maximum to minimum by assigning 1 to 0. Considering V; as each indicator's pixel
value, V., and Vo, are the maximum and minimum values of the parameter, the standardized parameters

(V) for negative and positive indicators are estimated by following formulas (Tripathy et al. 2020b).

Viea = Vi~ Vmin_ (Negative Indicator) @

Vmax— Vmin

(Positive Indicator) 5)

The combined vulnerability index (Vul) is calculated by assigning the weightages w; and w;, to the topographic
vulnerability index (Vulyyp,) and socio-economical vulnerability index (Vulgg), respectively.

Vul = Wy * Vuliopo + Wa * Vulgg (6)
Along with the vulnerability, the exposure is also incorporated for calculating the flood risk. The exposure helps
to narrow down the vulnerability that can predict the state of direct damages due to floods.

Exposure is as significant as calculating flood hazard and vulnerability for analysing the flood risk. The
exposure is calculated by considering two major factors. The first factor deals with the type of land use that
comes under the flood extent based on the degree of importance, and the second is based on the building and
infrastructure condition. Figure 4 shows the flowchart for calculating the exposure.

Many unplanned municipal corporations in India have different zones which are intertwined like industrial
zones, built-up, plantation, forest, and at some places, agricultural land too. Each land uses have a different level
of importance based on its operation, economic output, and the number of people associated with it. Considering
all factors, the degree of importance is assigned to land use and land cover classes ranging from 0O to 1. For
example, the Industrial zone is considered high exposure to flooding due to possible severe direct damages, and
therefore the high degree of importance is assigned to it. Table 4 shows the degree of importance (D;) to each
land use and zones.

The second component of the exposure is the exposure of buildings and infrastructure (Eg;). It is calculated by
considering the building's usable plinth height (Hy), type of building (Residential Complex, Single residential
building, industrial building units, small houses, other institutional buildings), and road density (R4). The
attribute table is created for each building and infrastructure, and based on the above factors, the combined
exposure value is calculated. For plinth height (H,), the buildings are identified with ground-floor apartments
and ground-floor stilt parking. The buildings with ground-floor apartments are considered to have high exposure
to the flood as compared to the stilt parking facilities. Most of the residential complexes have a usable floor
above 5 meters from ground level, which is less exposed to the flood. The single residential buildings with

ground-floor apartments have high exposure value. Small individual houses are also considered under high flood



234
235
236
237

238

239

240
241
242
243
244
245
246

247

248

249
250

251

252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271

exposure. Compared to each pixel’s 100-year flood depth (D), the apartment's height or usable floor height is
calculated as corrected plinth height (Hpc). The standardization is done, considered as 'Exposure index for
plinth' (EIp), which is assigned to each building (0 to 1, for low exposure to high exposure). The formulas are
given below:

Plinth height (Hp) — D190
HPC = P (7)

D190

El — Max[Hpcl- Hpc
P Max[Hpc]-Min[Hpc]

(®)

After calculating the exposure associated with the plinth height, the exposure index for building (Elg) based on
the type of building and amenities are determined. The numerical value of 0.25 is assigned to the residential
complex, 0.5 is assigned to single residential buildings and industrial buildings, and 0.75 is for single small
houses based on the level of exposure. Similarly, the exposure index for the road (Ely) is calculated based on the
road network and density. The standardization is done for each pixel based on the road density's maximum and
minimum value (Ry). The higher road density leads to high flood exposure and vice versa. The following
formulas give the exposure index for the road (ElR) and total exposure value for building and infrastructure:

&)

Max[Rgq]— Rg

EIR = Max[Rg]-Min[Rq]

Ep = 3 (Elp + Ely +El) (10)

Exposure is the mean of values of the degree of importance for land use, and exposure associated with building
and infrastructure (Egy).

D; +E
Exposure = 5L

(1)

Using the above equation, the spatial distribution of the exposure is calculated across the municipal council.
After calculating the flood exposure, the flood risk is calculated using the following formula;

Flood risk = flood hzard X flood vulnerability X flood exposure (12)

The calculated flood risk represents the flood inundation and the direct damages caused by the inundation for
different return periods, and the socio-economic ability of people and communities to mitigate the flood
damages. The analysis also includes the infrastructural exposure, including the detailed analysis of plinth height,
type of building, and the road network. The flood risk also consists of the damages to the industrial zone by
giving a higher degree of importance. The proposed framework for flood risk assessment is applied to a case

study of KBMC and a discussion of the results along with data collected and sources are presented in the

following sections.

3. CASE STUDY AND DATA COLLECTION
The proposed framework is applied to the Kulgoan-Badlapur Municipal Council (KBMC) located at the bank of
the Ulhas River, which is a west-flowing river in India. This section discusses the study area and data collected
to determine the flood risk across the municipal council. The Ulhas basin is home to millions people in 6 major
municipal corporations like Thane, Kalyan-Dombivili, Ulhasnagar, Bhiwandi-Nijampur, Badlapur, and
Ambernath, which makes it the most populated district in the country, and any small natural calamity can lead to
massive social and economic disaster (Das 2019a; Das and Pardeshi 2018; Kim et al. 2019; Rangari et al.
2019)Flooding is very frequent in the basin due to its location in the high monsoon region. Due to unplanned

urbanization and the climate change the 25-year floods are coming at 10-year frequencies, and the Urban
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Planning officials are requesting the revised flood guidelines for new building sanctions. It is also observed that

the flood line of 17.5 Meters is crossed thirteen times from the year 1991 at the KBMC observation point.

3.1 DATA COLLECTION

The flood risk is calculated by determining the flood hazard, its associated topographic and socio-economic
vulnerability, and flood exposure. The flood hazard is estimated based on the inundation corresponding to
different return periods using hydrological and hydraulic modeling. To calculate the rainfall intensity for
different return periods, the Indian Meteorological Department's (IMD) rainfall data over the Ulhas river Basin
is used. The watershed is delineated using the ArcHydro tool for hydrological modeling by inputting 30-meter
resolution SRTM's digital elevation model (DEM) data, the land use, and soil map are required for generating a
CN grid to calculate the losses. The land use and land cover maps are generated using the Landsat data of 30 m
and 100 m resolution and the soil map is extracted from the FAO's Global soil map. The model is then
calibrated and validated using the observed discharge data of the Badlapur hydro-metro station. After
calculating the corresponding discharge for various rainfall intensities and return periods, the values are
incorporated into the HEC-RAS model. The geographical data is extracted and mapped in the HEC-GeoRAS
tool of ArcGIS, including rivers, channels, and cross-sections that form key input data sets to the HEC-RAS
model to run the steady flow analysis to determine the flood inundation (flood hazard). For calculating the
extent of flood inundation, the Digital Surface Model (DSM) of the Advanced Land Observing Satellite (ALOS)
DSM product of 30 meters (AW3D30) is used, which is available on the JAXA web portal as a base map. The
vulnerability is calculated considering topographic and socio-economic factors. Topographic vulnerability
factors like elevation, slope, topographic wetness index, stream power index, flow accumulation, and curvature
are derived from the SRTM's DEM of 30-meter resolution. The other factors, including distance from the river
and drainage density, are calculated from the river shapefiles. For socio-economic vulnerability, population
density, household income, and medical indicators based on the vaccination data for flu are considered. The
population data is downloaded from the World-pop data portal of 100-meter spatial resolution. The population
data is available as the people per pixel, which is calculated based on the random forest approach with
Remotely-Sensed and Ancillary Data (Stevens et al. 2015). For medical indicators, the vaccination data is used.
The data shows the percentage of the children taking vaccines for flu, based on the study conducted on
childhood vaccination performed in middle and low-income countries (Utazi et al. 2018). The household income
data is collected by the survey of municipal corporations, based on local taxes.

For exposure, urban divisions based on the land use data, road network, and condition of the buildings focusing
on the plinth height and construction type are considered. The road network and building's shapefile are
downloaded from the OpenStreetMap portal developed by the OpenStreetMap foundation and local survey
conducted by the KBMC. The application and the results are discussed in the following section for FRA of
KBMC.

4. APPLICATION AND RESULTS
The proposed methodology is applied to the Kulgaon Badlapur Municipal council (KBMC), considering hazards

as flood inundation, socio-economic and topographic vulnerability, and exposure by considering building plinth
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height and different land use and land cover classes based on the degree of importance. At a resolution of 30
meters, the risk index is calculated for each pixel. The KBMC includes Urban, Semi-urban, Rural settlements
and different land use classes, like industrial zones, agricultural land, and Built-up land and each of the
categories has a different capacity to withstand the damages caused due to floods. This section discusses the
findings of the different flood risk factors, viz., flood hazard, vulnerability, and exposure of each ward which
helps to understand the spatial distribution of the flood risk in the KBMC.

4.1 FLOOD HAZARD ESTIMATION

The flood hazard is calculated by determining the flood inundation for the different return periods of rainfall.
The IDF curve is plotted using Gumbel's equation with the help of hourly rainfall data collected from the Indian
Meteorological Department (IMD). The KBMC considers the extreme rainfall events of 100-year frequency for
identifying flood lines, and due to climate change and land use pattern change, the intensities are changing for
different return periods; therefore, the 200-year rainfall is also considered to determine the flood inundation.
Figure 6 shows the intensity and duration of rainfall for different return periods (frequencies).

The graph shows the rainfall intensity as 172.04 mm, 145.42 mm, and 122.5 mm for return periods of 200-year,
100-year, and 50-year, respectively. With the IDF curve, extreme rainfall is calculated and used to determine the
flow in the channels and inundation area.

After calculating the different intensities of the rainfall, the values are considered as input into the HEC-HMS
model to determine the discharge. The HEC-HMS model is calibrated with 30 years of the observed discharge
data from Badlapur hydro-meteorological station. The first ten years of observed discharge data are used for
calibration of the model, and the performance is evaluated by calculating the coefficient of determination (R-
squared) value. The model shows a good correlation after calibration with the R-square value of 0.734, which
shows a good correlation between the simulated and observed flow. After calibration of the model, the discharge
is simulated at different reaches and junctions which is then incorporated into the HEC-RAS model for
determining the flood inundation for different return periods.

The flood hazard is the area inundated due to floodwater from the Ulhas River. The hazard is divided into three
classes. Figure 7 shows the spatial extent of the flood inundation associated with different return periods. The
spatial extent of the 200-year flood is higher than a 50-year flood, but the area that comes under the extent of the
50-year flood boundary will be affected more frequently. Therefore the risk associated with a flood inundated
area of 50-years is higher than the 200-years. The map shows the majority of the flood inundation is happening
in the Badlapur, Valhivali, and Manjarli ward (central and south-east ward) of the municipal council. The least
affected wards are Kulgaon and Belavali (north-west ward), which have a maximum settlement. Due to the
increasing demand for residential apartments, the developers are constructing residential complexes in the high
flood hazard wards like Badlapur and Manjarli which will increase the overall flood risk. The flood hazard map
also shows that some part of the Maharashtra Industrial Development Council (MIDC) area, an industrial zone
of the KBMC, is flooded for 100-year flood events. The vulnerability is high in the MIDC area as most
industries have manufacturing units and the efficiency of those industries depends on factors like water supply,
electricity, transportation, and many others, which can be affected due to the flooding.

4.2 FLOOD VULNERABILITY ASSESSMENT

The flood vulnerability is calculated by considering topographic factors and socio-economic factors. The

topographic vulnerability is calculated to determine the flood susceptibility. The primary data used for
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calculating the topographic vulnerability is the DEM data. Multiple factors are considered for calculating the
topographic vulnerability and the weightage is assigned using the AHP based multi-criteria decision analysis
method. Factors including elevation, slope, distance from the river, drainage density, Stream power index,
topographic wetness index, and curvature are used to calculate the combined topographic vulnerability. The
single index is formed by assigning the hierarchical priority and weightage. Figure 8(A) shows the spatial
distribution of topographic vulnerability for the KBMC area. It also shows the topographic vulnerability is
highly correlated to the elevation and distance from the river stream as it has higher weightage in the AHP
framework. The Central ward, which is parallel to the stream, is more vulnerable than any wards and the
Badlapur ward also shows high topographic vulnerability compared to the old settlement, which is planned and
developed considering the flood risk. Some region of MIDC also come under the topographically vulnerable
region. As the scope of future settlement in the wards like Badlapur and MIDC with high topographic
vulnerability, the overall risk of these wards will be high as compared to the other parts of the KBMC.

The total vulnerability is calculated by combining the topographic and socio-economic vulnerability. For socio-
economic vulnerability, the total population, population density, household income, and medical indicators as
percentage of vaccination against flu are considered. All the indices are standardized to a scale of 1 to O (high
vulnerable to low vulnerable) to form the final socio-economic index. Figure 8(B) shows the spatial distribution
of the socio-economic index of the KBMC. The wards with a high urban population and built-up land have high
vulnerability despite having good economic conditions compared to the other wards of the municipal council.
Here the average household income per pixel is considered, and therefore it can be seen that despite high
cumulative wealth in semi-urban regions, the average per capita income is less. The socio-economic
vulnerability also depends on the population density, which is higher in the Kulgaon, Shirgaon, and Badlapur
wards. The population of the industrial zone is underestimated because the census data included only the living
or residential population. Therefore, the vulnerability can be seen as lower than the other wards, which is not the
actual picture as a lot of people work in three 8-hour shifts, which makes it more vulnerable. The socio-
economic vulnerability can be reduced by adopting effective town planning, and the population across the city
can be managed by constructing and promoting effective residential projects across the different wards of the
municipal council. The vulnerability can also be reduced by improving medical facilities across the city.

Figure 8(C) shows the combined ward level vulnerability index standardized to the scale at 0 to 1 by combining
the topographic and socio-economic vulnerability. The vulnerability represents the topographic and socio-
economic ability to cope with the flood and to develop resilience. The wards with high population density near
the stream are under high flood vulnerability, ultimately under high flood risk. The map shows the settlements in
Kulgaon and Valivali have high flood vulnerability, and the Badlapur and Shirgoan have medium to high flood
vulnerability.

4.3 FLOOD EXPOSURE ASSESSMENT

The flood exposure is calculated using two indicators, first the land use, and land cover classes, by assigning the
degree of importance and second the exposure associated with the building and infrastructure. The exposure
further disintegrates the vulnerability by including certain factors for example the population density or total
population in each ward represents the residential population only and therefore, the population in the industrial
zone is low in records compared to other wards, which underestimates the vulnerability. Consequently, the

exposure is incorporated in the risk framework by classifying further into different land use and land cover
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classes, and the degree of importance is assigned to each zones. Figure 9(A) shows the map of land use and
land cover classes along with their degree of importance. The degree of importance is assigned based on the
probable damage caused by the flood to different land use and land cover classes.

Figure 9(A) shows that a higher value is assigned to the MIDC ward, an industrial zone along with Kulgaon and
Shirgaon ward, which consists of built-up land, and agricultural zones.

Another parameter for calculating the exposure is the exposure associated with the building and infrastructure
(Egp; the detailed explanation is given in the methodology section. For plinth height (H,), the buildings are
identified with ground-floor apartments and ground-floor stilt parking. The buildings with ground-floor
apartments are considered to have high exposure to the flood as compared to the stilt parking facilities. Most of
the residential complexes have a usable floor above 5 meters from ground level, less exposed to the flood. The
single residential buildings with ground-floor apartments have high exposure value. Small individual houses are
also considered under high flood exposure. Along with the plinth, the type of building is also considered for
calculating the possible damage in terms of exposure. The numerical value of 0.25 is assigned to the residential
complex, 0.5 is assigned to single residential buildings and industrial buildings, and 0.75 is assigned for single
small houses. Another factor is by considering the road density which is calculated to understand the location of
buildings, institutes, and other infrastructures. The high road density interprets the high flood exposure. The
road density is calculated using the line density function and then standardized to the scale of 0 to 1 (low
exposure to high exposure). Figure 9(B) shows the exposure map associated with the road density.

The infrastructural exposure is calculated by taking an average of three infrastructural exposure indicators,
which are road density, plinth level, and type of building. The infrastructural exposure indicates the possible
direct damages to the buildings, roads, and industrial zones. The infrastructural exposure is then combined with
exposure calculated for land use and land cover based on degree of importance. Figure 9(C) shows the spatial
distribution of the flood exposure of the KBMC.

From Figure 9(C), it can also be noted that the exposure of the MIDC ward, an industrial zone, is higher than
other wards of the municipal council. The exposure in the map indicates the possible direct damage to the
infrastructure, buildings, and resources. It shows the high possibilities of damages in the urban wards of the
municipal council because of the low plinth height of the buildings, and single ground floor apartments.

4.4 FLOOD RISK ASSESSMENT

The flood risk is assessed as the multiplication of flood hazard, vulnerability, and exposure. All the parameters
are converted into a scale of O to 1, low risk to high risk. Figure 10 shows the spatial distribution of the flood
risk. It shows that highly populated wards and near the stream are at higher risk. The map shows the generalized
relative risk of the KBMC. The high flood risk can be seen in the Valavli and Manjarli ward. About 82% of the
area of these wards comes under very high to high flood risk zone, which is also validated with the information
and aid provided by the municipal council to these wards. The Badlpaur, Yeranjad, and Kulgaon also come
under high to medium flood risk zone as 38% of the area of these wards come under high to medium flood risk.
The industrial zone MIDC ward also comes under the high to the medium flood risk zone. The direct damage in
the industrial zone is higher but still, due to other factors, the overall risk is reduced as the ward have low
population density and high plinth of building due to industrial building construction bylaws. The flood risk of
the industrial zone is underestimated as the data regarding the actual damage is not available. Due to changes in

climate and land-use patterns, the risk is going to increase as the intensity of flood hazards is going to increase.
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The wards like Badlapur and Shirgaon have more barren land, which has the potential for residential and
industrial constructions in the future, which will lead to increase in flood risk despite incorporating all the
factors which indicate the direct infrastructural damage and socio-economic capability to mitigate the flood, the

risk is highly dependent on the flood hazard.

5. DISCUSSION

The study presented an effective framework for flood risk assessment of unplanned semi-urban settlements by
incorporating infrastructural and industrial damages into the conventional flood risk framework. The flood risk
is expressed as the function of flood hazard, topographic vulnerability, socio-economic vulnerability, and
exposure. The flood inundation for different return periods is considered as flood hazard. The rainfall intensity-
duration-frequency (IDF) curves are developed using hourly rainfall data, and the discharge is simulated for the
extreme rainfall using the HEC-HMS model. The discharge values are then used to determine the corresponding
inundation by HEC-RAS hydraulic modeling. As the discharge data is not available for the reach passing
through the municipal council, and the simulated discharge is used to determine the inundation of the flood. In
this study using 1D hydraulic modeling, only water spread area is calculated, but the assessment can be
improved by considering multivariable flood hazards. The flood depth at various locations and the flow velocity
can be used to enhance overall flood hazard mapping, and the damages can be assessed accordingly.

In this study the vulnerability is calculated by considering two parameters, topographic vulnerability and socio-
economic vulnerability. The topographic vulnerability represents the flood susceptibility which is calculated
using the Analytical hierarchy process (AHP). The topographic vulnerability is calculated by considering
elevation, slope, drainage density, and distance from the river, curvature, stream power index, and topographic
wetness index. The weightage is calculated by making a pairwise comparison of each factor and the priority is
assigned based on previous research conducted for flood susceptibility (Das 2019b). The topographic
vulnerability assessment can be improved by using a fine resolution elevation grid or more parameters
responsible for high flow. The socio-economic vulnerability is calculated along with the topographic
vulnerability, considering factors like population density, household income, and medical indicators. The
accuracy of socio-economic vulnerability indicates the ability of individuals or communities to mitigate the
flood. The socio-economic vulnerability depends on the ground data for the population, demographics, and
economic condition. The indicator can be improved by using more fine resolution data with different social
indicators. The spatial distribution of socio-economic conditions in urban regions is difficult to interpret as the
population is very diverse, and the integration of social and economic conditions makes it more complicated to
assess the vulnerability of individual households. For the medical indicator the percentage of vaccination against
water-borne diseases are considered but more ground surveys and data will help to improve the assessment of
socio-economic vulnerability.

The primary economical source of KBMC is the industries located in the MIDC area. The economic
vulnerability of the region depends on the exposure of industries to flood, which is more and more inclusive of
electronics. The exposure is calculated by considering the industrial zone and the infrastructural condition of the

municipal council, along with the infrastructural exposure which is calculated by considering the plinth height
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of buildings and its association with depth of 100-year flood, the road density, and type of buildings. The
buildings are divided into high elevated residential buildings, small houses, and industrial buildings. The risk is
more to the small houses and the buildings with low plinth height. Large residential complexes assigned the
ground floor to the parking make it less exposed to the flood, and the industrial buildings have a relatively high
plinth as compared to the small individual houses. Still, most industries have manufacturing units that require
heavy instruments operated on the ground floor, which makes them more exposed to the flood.

This study contributed for developing a framework for the flood risk of the municipal council, which has semi-
urban settlements along with industrial zones and agricultural land. Incorporating the exposure based on the land
use and land cover classes makes the framework more effective in calculating the overall flood risk of municipal
councils. The study also considered incorporating the corresponding plinth height with 100-year flood depth.
The flood risk in urban regions is more complicated than basin-scale flood risk assessment due to diverse socio-
economic conditions, which underestimated the vulnerability. Therefore incorporation of exposure based on
industrial zones and infrastructural condition give a better evaluation of flood risk. Further, the flood risk
assessment framework can be improved by incorporating the flood preparedness factors like available disaster
mitigation resources in each ward, which can ultimately help to understand the allocation of the resources in

different parts of the municipal councils.

6. CONCLUSION
The study presented a multi-dimensional approach for flood risk assessment. To map flood risk of the unplanned
semi-urban region, the socio-economic and medical factors and infrastructural exposure that indicate the
probable direct and indirect damages are essential elements. The intensity of the flood risk majorly depends on
the possible damages due to flood extent, which can be calculated with factors like population spread across the
municipal council and their socio-economic and medical condition. The flood risk mapping helps to understand
the high-risk and low-risk zones within the municipal council. The main conclusions of the study are:

o The proposed flood risk assessment framework includes some of the crucial yet neglected indicators
like the medical condition of the population to fight against the flu due to flood water and water-borne
diseases, which can classify under the flood preparedness of the authorities.

e  The ward-wise flood risk maps generated in this study are very useful for the authorities for the disaster
funding and resources distribution at ward levels. With such zoning, the authorities can modify the
resource distributions in the municipal council.

e Mapping of the flood risk according to the land use and land cover classes shows the monitory
damages are different for each class, and the consequences of the risk cannot be defined solely based
on the socio-economic vulnerability. For example, the population distribution data considers the
residential population, and therefore, the industrial region cannot be included under a high-risk zone.

In the densely populated regions, where the different types of housing are intertwined in a single residential

zone it is difficult to map the flood risk. Therefore, the flood exposure based on the different types of

housing and their possible damages is important to include in the risk assessment framework.

STATEMENTS AND DECLARATIONS
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Figure 1

Flow chart depicting different steps involved for flood risk assessment.
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Figure 2

Flow chart depicting different steps involved for flood hazard mapping. The flow chart includes the input
data for calculating the discharge for different return periods using HEC-HMS model and then the extent
of flood inundation using the HEC-RAS model.
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Figure 3

Flow chart depicting different steps involved for flood Vulnerability mapping. The vulnerability is
calculated by considering topographic vulnerability and socio-economic vulnerability.
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Figure 4

The flowchart depicting the steps for calculating the flood exposure. The exposure is calculated by
considering building and infrastructure exposure, and land use and land cover exposu
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Figure 5

Location map of Kulgoan-Badlapur Municipal Council’'s (KBMC) area.
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Intensity-Duration-Frequency (IDF) curves derived for Kulgaon-Badlapur Municipal Council (KBMC) area.
The graph shows the intensity of the rainfall in mm/hr for 25-year, 50-year, 100-year, and 200-year return
periods.
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Figure 7

Flood hazard map for Kulgaon-Badlapur Municipal Council (KBMC). The flood hazard is calculated by
determining the flood inundation associated with 50-year, 100-year and 200-year return periods.
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Figure 8

The maps showing spatial distribution of vulnerability in Kulgaon Badlapur Municipal Council (KBMC)
area: (A) Topographic vulnerability map; (B) The socio-economic vulnerability map, obtained by
combining the social, economic, and medical indicators; (C) The combined flood vulnerability map,
obtained by combining the topographic and socio-economic vulnerability.

Figure 9

The flood exposure maps for the Kulgaon-Badlapur Municipal Council (KBMC) area, obtained by
considering (A) the direct damages based on the land use and land cover classes; (B) based on the road
network; (C) The flood exposure map, based on the combination of infrastructural exposure which is
calculated by considering road density, plinth height, and type of building along with a degree of
importance assigned to each land use and land cover class based on the probable direct damages.
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Figure 10

The flood risk map of Kulgaon-Badlapur Municipal council (KBMC) area. The risk is calculated by
multiplying the flood hazard, vulnerability, and exposure.



