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Abstract The burgeoning significance of urban 
floods in the context of evolving climate dynamics 
and shifting rainfall patterns underscores the exi-
gency for comprehensive investigation and mitigation 
strategies. The study employs a multi-criteria assess-
ment (MCE) approach and the analytical hierarchy 
process (AHP) to evaluate flood-vulnerable zones, 
wards, and sub-category-wise flood locations in 
Greater Mumbai. The AHP technique is used to eval-
uate flood-vulnerable impacting parameters such as 
rainfall (29.42%), slope (20.96%), land use/land cover 
(17.52%), vicinity to sewers and storm-water drain-
age (13.99%), vicinity to natural drainage (8.97%), 
vegetation (5.58%), and soil (3.56%). The study 
area is classified under different vulnerable catego-
ries as severe vulnerable (46.72%), high to very high 
(18.74%), and slight to moderate (34.54%). Research-
ers analysed 234 waterlogged locations, revealing that 
85.46% (200 locations) were in the severe to very 
high vulnerability category, and only 14.52% (34 
locations) were in the other three categories. Flood 
locations are more affected by slope (under the cate-
gories of < 5 m and 5.01–10 m), built-up land, sewers 

and storm water drainage (< 125  m), natural drain-
age (< 250 m), rainfall (< 2000 to 2200 mm), lowest 
dense vegetation, and coastal alluvium in soils. These 
model-based flood vulnerability maps are crucial for 
planning flood conservation and mitigation measures.

Keywords Urban flooding · Multi-criteria 
assessment (MCE) · LULC · Vicinity · Waterlogged 
locations

Introduction

The newly induced phenomenon of global warming 
altered the rainfall patterns all over the world (Fowler 
& Kilsby, 2003; Goswami et  al., 2006; Rakhecha & 
Pisharoty, 1996), which in turn affected city life and 
often resulted in the stagnation of water in many 
coastal cities (Guhathakurta & Rajeevan, 2008; 
Rajeevan et  al., 2008), leading to socio-economic 
impacts and consequences like traffic congestion, a 
halt to city life, and many more (Ahmadisharaf et al., 
2015; He et al., 2007; Rosenzweig et al., 2008). The 
primary causes of flooding in a region are popula-
tion growth, fast urbanisation, and changes in river 
channel morphology brought on by anthropogenic 
and natural interventions, as well as short-duration 
heavy rainfall events (Kalnay & Cai, 2003; Lowry, 
1977). As a result, the connection between urbanisa-
tion and local climate change has caught the interest 
of many academicians worldwide (Ohashi & Kida, 
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2002; Tehrany et al., 2014; Zope et al., 2017). Rapid 
urbanisation has an impact on land surface qualities 
(Chen et  al., 2006; Lowry, 1977; Mutizwa-Mangiza 
et  al., 2011), which in turn affect diurnal, seasonal, 
and long-term meteorological and climatic conditions 
at local, regional, and global scales (Islam & Sado, 
2001; Rahmati et al., 2016; Roy et al., 2021). Mum-
bai is extremely vulnerable to frequent floods during 
monsoon season because of its unique geographical 
control, strong building activity, and significant mon-
soon rainfall (Kadave et  al., 2016; Ramesh & Iqbal, 
2020; Zope et  al., 2017). It is encountering three 
major types of flooding: localised flooding brought on 
by poor drainage (Kadave et al., 2016; MCGM, 2007; 
NDMA, 2019); flooding brought on by Mithi River 
overflows where settlements have been established 
in flood plains (Rao et al., 1991; Sahana et al., 2018; 
Zope et al., 2015); and flooding brought on by a com-
bination of high tide and river overland flow (Halle-
gatte et al., 2010, 2013; Mohanty et al., 2020). Local-
ised flooding is basically the outcome of unplanned 
settlements in drain paths, an inadequate drainage 
system, and reduced drain capacity from water-
logging (Blazkova & Beven, 1997; Kadave et  al., 
2016; Young et al., 2011). The flood threat has been 
impacted and made worse by the city’s land use strat-
egies, solid waste management procedures, and drain-
age upkeep (Gupta, 2007; Kulkarni, 2014a; Reshma 
& Deepankar, 2015). As a result, the city is quite vul-
nerable to flooding, which can have negative conse-
quences for settlements, the road system, and the day-
to-day lives of the citizens (Bhagat & Gavin, 2013; 
Bhowmik, 2011). The creation of a map of the flood-
vulnerable zones is essential for future planning and 
construction projects as well as flood hazard manage-
ment to lessen the effects of floods in the metropolis 
of Mumbai (Mann et  al., 2023; Ranger et  al., 2011; 
Sahana et al., 2018). As per the study of Pemmaraju 
(2012), vulnerability to floods in the metropolis of 
Mumbai increases due to several institutional and 
non-institutional factors. The institutional ones are 
like a lack of coordination between different civic 
agencies and discretionary authorities, procedural 
formalities, and land acquisition obstacles for pump-
ing stations at outfall locations. On the contrary, non-
institutional factors such as rapid urbanisation, pop-
ulation growth, and alterations in the natural course 
of the Mithi River due to various anthropogenic as 
well as socio-economic factors have contributed to 

the problem of floods in the metropolis. In accord-
ance with the findings of the climate action plan 
(2022), Mumbai faces twin challenges: urban flood-
ing and rising heat. Mumbai experiences significant 
amounts of humidity, which is followed by muggy 
heat. The evaluation of vulnerabilities and resilience 
capabilities to different disasters is difficult because 
the city faces a number of short-duration heavy rain-
fall events in the monsoon months, which result in 
an increase in coastal threats brought on by storm 
surge, coastal inundation, and sea intrusion (Chat-
terjee, 2010; Kumar et  al., 2008; Stecko & Barber, 
2007). Furthermore, rapid urbanisation and a lack 
of proper drainage systems exacerbate the issue of 
urban flooding (Patankar, 2015; Shukla, 2009; Singh, 
2022). In addition, the rising heat poses a threat to 
public health, especially for vulnerable populations 
such as the elderly and children (BMC, 2022; Gud-
hka et  al., 2021; Hallegatte et  al., 2010). Therefore, 
it is crucial for Mumbai to prioritise both short-term 
and long-term solutions in their climate action plan 
to address these twin challenges (M.Plan, 2009: Pat-
wardhan, 2017; Zimmermann et  al., 2023). Apart 
from that, numerous studies on floods in Mumbai and 
Navi Mumbai have been conducted in the past, with 
a major focus on rainfall modelling (Shafapour et al., 
2013), urban flood resilience management and plan-
ning (Gupta, 2007), vulnerability mapping for disas-
ter estimation (Naghibi et al., 2015; Reshma & Deep-
ankar, 2015), the impacts of urbanisation on flooding 
(Zope et  al., 2015), an integrated flood assessment 
modelling tool for the coastal urban flood simulation 
(Kulkarni et  al., 2014a), an integrated flood inunda-
tion model (Kulkarni et al., 2014b), and the hydrolog-
ical repercussions of land use and land cover (LULC) 
change on hazards related to urban floods (Zope 
et  al., 2017). These investigations were conducted 
independently, without establishing any connection to 
the underlying mechanisms or variables that are fre-
quently claimed to have an impact on urban flooding.

Geographic information systems (GIS) and remote 
sensing (RS) technology have recently added a fresh 
perspective to flood investigations (Farajzadeh, 2002; 
Masmoudi & Habaieb, 1993).  As per the studies of 
Ali et al. (2019) and Sarkar and Mondal (2020), the 
study of RS data on the GIS platform produces accu-
rate results for the assessment of flood susceptibil-
ity. Several scholars use different statistical methods 
along with RS and GIS to discover the most plausible, 
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rational, and reliable result (Hoque et al., 2019; Park 
et  al., 2013; Pourghasemi et  al., 2013a). Commonly 
used statistical techniques are analytical hierarchy 
process (AHP) (Hammami et al., 2019; Jabbar et al., 
2019; Khosravi et  al., 2019), weights-of-evidence 
(Lee et  al., 2012a; Porwal et  al., 2010; Pourgha-
semi et al., 2013b), frequency ratio (FR) (Lee et al., 
2012b; Naghibi et  al., 2015; Regmi et  al., 2014), 
fuzzy logic (Ercanoglu & Gokceoglu, 2002; Ramazi 
& Amini, 2014; Zou et al., 2013), logistic regression 
(Al-Juaidi et  al., 2018; Jati et  al., 2019; Ozdemir & 
Altural, 2013), artificial neural network (Kia et  al., 
2012; Wahab & Norasikin, 2018; Zare et  al., 2013), 
decision tree (Nasiri et  al., 2019; Shafapour et  al., 
2013; Yeon et  al., 2010), evidential belief function 
(EBF) (Chowdhuri et  al., 2019; Tehrany & Kumar, 
2018; Veerappan & Sayed, 2020), adaptive neuro 
fuzzy inference system (Sahoo et  al., 2020; Termeh 
et  al., 2018), and support vector machine (Choubin 
et al., 2019). As reported in the literature, all of these 
models were utilised in the vulnerability assessment 
of any common hazard. MCE techniques based on 
GIS have been used in a plethora of studies (Afshar 
et  al., 2011; Ahammed et  al., 2012; Chung et  al., 
2011). One of the most widely used techniques for 
determining criteria weights in MCE is the AHP 
(Young, 2006), which uses an authoritative pair-wise 
comparison matrix with its weights. Relying on the 
AHP, Siddiqui et al. (1996) offered an additive solu-
tion to a spatial problem. According to Rao et  al. 
(1991), the process of pair-wise comparisons in AHP 
is a reasonable one for the establishment of criteria 
weights. Nevertheless, despite certain unknowns, dif-
ferent researchers have gathered AHP success sto-
ries in a variety of sectors (Althuwaynee et al., 2014; 
Feloni et al., 2020; Subbarayan & Sivaranjani, 2020). 
These studies recognised the AHP model combined 
with weighted linear combination in GIS as having 
a strong theoretical foundation (Ghosh et  al., 2022; 
Hasanuzzaman et  al., 2022), offering logic for the 
normalisation of parameters (Chandra et al., 2023), a 
justification for the expression of decision risk (Fer-
nandez & Lutz, 2010), and a high level of versatil-
ity in site adaptability and vulnerability assessment 
(Hughes, 1986; Mishra & Sinha, 2020; Saaty, 1980). 
The straightforward and effective practical applica-
tions of this technique for determining flood suscep-
tibility have made it widely employed (Korhonen & 
Lewandowski, 1989; Schmold et  al., 2001; Starr & 

Zeleny, 1978). The AHP model has been used in the 
current investigation of mapping flood vulnerability.

When embarking on the above-mentioned research 
articles, the current investigation thoroughly reviews 
the published literature pertaining to the topic of 
urban flood vulnerability in the metropolis of Mum-
bai. Ramesh and Iqbal (2020) studied the urban flood 
susceptibility zonation mapping in Mumbai using the 
evidential belief function, frequency ratio, and fuzzy 
gamma operator models. They employed 12 param-
eters in the assessment of flood-susceptible zones. 
The selection of parameters for assessing flood-vul-
nerable zones is affected by a combination of differ-
ent factors like scientific evidence, data availability, 
research objectives, and stakeholder engagement (De-
Brito et al., 2018). Parameters such as rainfall, eleva-
tion, slope, LULC, soil type, vegetation cover, vicin-
ity to sewers and storm-water drainage, and natural 
drainage are widely recognised as influential factors 
in determining flood vulnerability (Taromideh et al., 
2022). The current research mainly deals with only 
seven parameters in the investigation of flood-vul-
nerable zones and leaves out the important ones, yet 
the selection of all seven most influential parameters 
is done on the basis of their importance or effect on 
the occurrence of floods in the study area. The pre-
cision of the demarcation of flood-vulnerable zones 
is affected by the sensitivity of the parameters used 
(Ouma & Tateishi, 2014). Elevation thresholds might 
be too high or too low depending on variables includ-
ing the terrain of the area, the dynamics of flood-
ing, and the scope of the investigation. In contrast, 
the vicinity to sewers and storm-water drainage, and 
natural drainage might vary based on the characteris-
tics of the floodplain, the capacity of the channel, the 
frequency of floods, and the possibility of riverine or 
coastal flooding. Slope can enable faster runoff. Flood 
vulnerability can also be affected by LULC patterns. 
Conducting sensitivity analyses, incorporating expert 
knowledge, and validating results with observed flood 
events can help identify the most influential param-
eters and improve the accuracy of flood vulnerability 
assessments.

In light of the above-discussed factors, we can take 
Mumbai as an area of study because the metropolis 
experiences flood-like situations almost every year 
due to inadequate drainage system and short-duration 
heavy rainfall events (Mann & Gupta, 2022; Mann 
et  al., 2023). Apart from that, the demarcation of 
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flood-vulnerable zones is necessary in order to demar-
cate flood-prone areas that should be avoided in future 
development planning. With the aforementioned the-
oretical framework in mind, the current study used 
MCE in GIS with the incorporation of the AHP cri-
terion and the weighted linear combination method to 
identify flood-prone locations using some triggering 
factors like rainfall, slope, LULC, vicinity to sewers 
and storm water drainage, vicinity to natural drainage, 
vegetation, and soil. Therefore, the main objective of 
the current study is to map flood-vulnerable zones and 
identify ward-wise flood locations in the metropolis 
of Mumbai using RS and GIS. The flood-vulnerable 
map was prepared by analysing and integrating all 
seven parameters in the geospatial database using 
the AHP technique, and the results were interpreted. 
This study presents a novel approach to flood vulner-
ability assessment through the integration of advanced 
remote sensing and geospatial techniques. The study 
goes beyond static flood maps, using real-time data 

sources such as weather forecasts and rain gauge data 
to produce dynamic flood vulnerability assessments. 
This broader perspective allows for a more compre-
hensive understanding of the spatial distribution of 
flood risk. The current study adds new dimensions in 
the existing literature on flood vulnerability assess-
ment and urban resilience. It provides decision-makers 
with the necessary tools to take preventative actions 
that minimise flood risk while promoting sustainable 
and resilient communities.

Study area

Greater Mumbai, which has a surface area of around 
470 sq. km., stretches between latitudes 18°53′47″ and 
19°16′16″ and longitudes 72°48′30″ and 72°51′11″ 
(Fig. 1). The westernmost coastal region of the Indian 
state of Maharashtra is generally referred to as Mum-
bai. With Thane district to the east, Palghar to the 

Fig. 1  Map of the study area
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west, and Raigad to the south-west, the city is consid-
ered an extreme coastal area and is surrounded by the 
western branch of the Indian Ocean and the Arabian 
Sea on three sides. As a result, the city is sometimes 
considered a miniature peninsula. The city also hosts a 
significant span of mangroves on its eastern and west-
ern coastlines, which seem to be 149 km in length. As 
an archipelago of islands, Mumbai’s relief and terrain 
consisted of local hills, coastal cliffs, and ridges with 
marsh land in between; it possessed a total of 22 hills, 
well before the fast development period, which has left 
Mumbai with only three hill ranges: the Ghatkopar hills 
in the northern part, the Trombay hills in the south-east, 
as well as the highest Powai hills in the north around 
Borivali or Sanjay Gandhi National Park. All of these 
hilly locations mostly encroach on the foothills, and 
degradation keeps seeping inside.

The Mithi River, which rises near Vihar Lake in the 
north and rushes southward to reach the Arabian Sea, 
making an estuary along Mahim Creek, is one of two 
major rivers that drain the study area. In contrast, the 
Oshiwara River begins in the Powai Hills and flows 
northwest to Manori Creek. In addition to this, the 
highlands have a lot of smaller streams. These rivers 
have been transformed into sewers filled with tonnes 
of solid waste due to hasty and quick urban expansion. 
Usually, the climate of the study area is tropical, with 
two distinct seasons—wet and dry—as well as places 
with high to extremely high rainfall. The seasons are 
marked by moderate heat and high levels of humidity. 
Due to its tropical climate, the average annual tempera-
ture of Mumbai is 27.2 °C. As per IMD, Mumbai, the 
study area experiences 242.2 cm of annual rainfall. The 
metropolis of Mumbai has the seventh-highest popula-
tion in the world. To facilitate administrative conveni-
ence, the entire region of Mumbai and Mumbai suburbs 
has been divided into wards. These wards are labelled 
A, B, C, etc. in alphabetical order. Mumbai district 
includes the wards from A to G/South, and Mumbai 
suburban district includes the wards from H/West to T.

Database and methodology

Database

The current analysis uses hourly rainfall data 
(1985–2020) for two stations, i.e., Colaba and San-
tacruz, set up by IMD. After the heavy storm event 

on July 26, 2005, the Disaster Department of the 
Municipal Corporation of Greater Mumbai (MCGM) 
established a dense network of rain gauge stations (60 
stations at present) to better assess the spatial distri-
bution of rainfall. The current study uses data that 
was collected from MCGM and chooses a total of 23 
stations (2006–2020) out of 60 (Mann et  al., 2023). 
The stations are selected by using the distance matrix 
tool in ARC GIS 10.9. The current study is also 
supported by other types of secondary data that are 
generated using RS and GIS technology. The speci-
fication of all the datasets that are used in the current 
study is shown in Table 1.

Methodology

Producing maps of flood influencing factors

The current study uses the AHP technique in the 
assessment of flood vulnerability in the study area 
as it is one of the most convenient methodologies for 
assessing vulnerability to different disasters. AHP is 
the best option because it can take into account the 
relative importance of different elements. It provides 
a simple decision-making process that helps the 
decision-maker generate valid inferences (Starr & 
Zeleny, 1978). Figure 2 graphically depicts the meth-
odology that is used in the present analysis. There are 
a lot of natural and anthropogenic parameters that 
affect the course of flooding in the study area. Based 
on the available literature, we can select the seven 
most influential parameters that can affect floods in 
the study area. For each component, GIS maps are 
initially constructed using a standard georeferenc-
ing approach. Rainfall and soil maps were prepared 
from the data obtained from MCGM, IMD, and the 
National Bureau of Soil Survey, Maharashtra. By 
using the surface-slope tool in ArcGIS, the slope in 
percentage for the study area was retrieved from the 
computed SRTM, DEM, and SOI OSM sheet, which 
was later modified using high-resolution satellite 
images and again used to digitise the map of natural 
drainage. The Euclidean distance measure in ARC-
GIS was used to calculate the vicinity for a distance 
equivalent to 1000 m for natural drainage.

The vegetation map is produced using Land-
sat 8 imagery for the year 2020, and the normal-
ised difference vegetation index (NDVI) is per-
formed using Erdas Imagine 2010 software as 
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Table 1  Descriptive details of the data collected

Data source Specifications Output (flood influencing factor) Time period

IMD, Pune, and MCGM (Municipal 
Corporation of Greater Mumbai)

Hourly data Rainfall 1985–2020, 2006–2020

SRTM (shuttle radar topography 
mission) DEM (digital elevation 
model)

Spatial resolution: 30 m Slope 2020

Satellite image
Landsat 8

OLI/TIRS,
Spatial resolution: 30mt

Land use land cover (LULC) 2020

BRIMSTOWAD-II (Brihanmumbai 
Storm Water Disposal System) 
Draft Master Plan Maps of Storm 
water

Drainage and Sewers

Scale—1:50,000
Year—2014

Vicinity to sewers and storm water 
drainage

2014

Survey of India OSM Sheet, SRTM 
DEM

Number—E43A/16(47A/16)
Scale—1:50,000
Spatial resolution: 30 m

Vicinity to natural drainage –

Satellite Image
Landsat 8

NDVI; spatial resolution: 30mt Vegetation 2020

National Bureau of Soil Survey Maharashtra
Scale—1:50,000
Year—1996

Soil –

Municipal Corporation of Greater 
Mumbai (MCGM)

Ward-wise flood locations Map of waterlogging spots 2019

Fig. 2  Diagram illustrating the adopted methodology for creating the map of flood vulnerability of the study area
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NDVI = (NIR − VIS)/(NIR + VIS). Using Landsat 
8 (OLI/TIRS 30 m) multi-spectral data, the map of 
LULC for the study area was retrieved in ARCGIS 
software. For LULC classes, supervised classifica-
tion has been used, which utilises the spectral signa-
tures discovered from the training samples (Sahana 
et  al., 2018). A total of 50 samples were chosen 
from the image by following the equalised random 
sampling method (Currit, 2005). Then, the samples 
are matched with a Google Earth image by identify-
ing the ground features in the ERDAS software. The 
user’s accuracy and the producer’s accuracy have 
been calculated for each class. The overall accu-
racy of the image is 90% (Supplementary Table 1). 
The Kappa test is performed to find the degree of 
accuracy and consistency in a classification that is 
statistical. Kappa statistics rated the results on a 0–1 
scale. It is interpreted by following the guidelines 
of Landis and Koch (1977). The statistic is rated 
as (1) 0.01–0.20 insignificant, (2) 0.21–0.40 fair, 
(3) 0.41–0.60 reasonable, (4) 0.61–0.80 consider-
able, and (5) 0.81–1.00 nearly perfect or accurate. 
The accuracy of the classified image is provided 
by the Kappa statistical index of agreement (KIA), 
and the result is estimated to be 0.87 (Supplemen-
tary Table  1). The accuracy value is considered to 
be extremely good. Finally, the maps of sewers and 
storm water drainage from the BRIMSTOWAD-II 
Draft Plan were used to retrieve the map of artifi-
cial drainage. It is a component of the storm water 
drains project being undertaken in 2014 by the office 
of storm water drains under the department of disas-
ter management, MCGM. Using the Euclidean dis-
tance measure, the vicinity of a distance equivalent 
to 500  m was calculated (Ramesh & Iqbal, 2020). 
All maps are transformed to a grid-based integer 
raster format with the same pixel size of 30  m for 
each parameter. At last, all the maps were overlaid 
to produce a combined map of flood-vulnerable 
zones. Also, a ward-wise map of 234 flood locations 
is prepared from the data gathered from MCGM 
and then manually assessed for the relative impor-
tance of each parameter against the flood locations. 
MCA is used to create and combine spatial data for 
the characterisation of the causative aspects in order 
to determine the vulnerability of flooding (Feloni 
et  al., 2020). In the GIS context, the weighted lin-
ear combination (WLC) approach was employed to 
implement the AHP pairwise comparison method. 

The effectiveness of the AHP model in this study is 
much better than the conventional methods, show-
ing that the proposed model’s performance is excel-
lent for solving the prevalent problems. With such 
features being one of the few strengths of AHP, it 
is able to address intricate, multiplex problems with 
remarkable exactitude and sophistication, surpassing 
traditional approaches.

Description and order of influencing parameters

Each aspect that is taken into account is ranked 
according to the preferences of the decision-makers. 
Each component is rated according to its expected 
significance and influence on floods in order to 
establish criteria scores for each sub-class category. 
These factors received an inverted ranking. Each 
sub-class is ranked 1–5 in decreasing order of impact 
based on reviewed literature and knowledge, where 
5 represents high vulnerability to floods and 1 repre-
sents low vulnerability. Table 2 displays the grading 
scheme. The current study makes the assumption that 
the areas that are most susceptible to flooding depend 
on a variety of variables, including slope, amount 
of rainfall, vegetation, soil types, LULC practices, 
and a natural and artificial drainage network. As a 
result, depending on these variables, floods can vary 
considerably over time and location. The following 
seven parameters were used in the current study, and 
each of them is shown and saved in a distinct map 
with the order of their sub-categories shown in Fig. 3 
and Table 2.

Rainfall

Rainfall is the primary hydrological component that 
is most frequently employed in studies of floods. 
Rainfall is the term used to describe the dispersion of 
liquid droplets over space and time, which regulates 
surface runoff (Goswami et  al., 2006). Since areas 
with higher rainfall than the annual average are more 
likely to experience flooding, high rainfall amounts 
are a marker of substantial flood susceptibility. The 
map of normal annual rainfall or average annual rain-
fall is prepared over the years (1985–2020) for all the 
stations under consideration. As a result, a category 
weight of 5 is allocated to the heavy rainfall zone, and 
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a category weight of 1 is allocated to the relatively 
low rainfall zone (Table 2).

Slope

The slope is the most important aspect of hydrol-
ogy since it directly affects surface runoff and floods. 
Since sites of low elevation often have a gentle or 
level slope, they are more susceptible to flooding and 

waterlogging because steep slopes generate a huge 
velocity of runoff compared to flat or gentle slopes 
and dispose of storm runoff more quickly (Altaf et al., 
2013). Runoff from level or gently sloping land is 
accumulated and released gradually over time (Teh-
rany & Kumar, 2018). In contrast to high-gradient 
slopes, low-gradient slopes are even more susceptible 
to flooding. Historically, the study area was an archi-
pelago of seven islands that had been reclaimed and 

Table 2  Ranking of flood 
parameters and their sub-
categories

Vulnerability parameters Sub-category of parameters Ranking

1. Rainfall  > 2300.01 5
2200.01–2300 4
2100.01–2200 3
2000.01–2100 2
 < 2000 1

2. Slope Very gentle (below 5) 5
Gentle (5.01–10.00) 4
Moderate (10.01–15.00) 3
Steep (15.01–20.00) 2
Very steep (20.01 and above) 1

3. LULC Built-up area 5
Open land 4
Cultivated land 3
Vegetation cover 2
Water body 1

4. Vicinity to sewers and storm water 
drainage

0–125 mt 5

125–250 mt 4
250–375 mt 3
375–500 mt 2
 > 500mt 1

5. Vicinity to natural drainage 0–250 mt 5
250–500 mt 4
500–750 mt 3
750–1000 mt 2
 > 1000 mt 1

6. Vegetation Lowest dense vegetation cover 5
Lower dense vegetation cover 4
Dense vegetation cover 3
Higher dense vegetation cover 2
Highest dense vegetation cover 1

7. Soil Settlement coastal alluvium 5
Mud marsh 4
Vertic Halaquepts 3
Vertic Ustrepepts 2
Typic Ustorthents 1
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established as a land of concrete slabs over a span 
of five centuries. Additionally, the steeper slope was 
exploited to provide flat homes for a large number of 
migrants. As a result, places with very gentle slopes 
were assigned a class rating of 5, whereas locations 
with high relief were given a lower ranking, i.e., 1 
(Table 2).

LULC

Recognising the activities taking place in a location 
and the various categories of LULC being impacted 
by recurrent floods is crucial for vulnerability map-
ping. Due to their significant use of impermeable 
surfaces, urban areas are impacted by stormwater run-
off (Fernandez & Lutz, 2010). Built-up areas domi-
nate the LULC category in the study area. Slums, 
or nucleated communities, are the main components 
of densely built-up areas, which are primarily found 
in the city’s central and southern parts. Evidently, 
areas with densely built-up space are at greater risk 
of flooding than areas with less built-up land cover. 

Therefore, rankings are allocated as shown in Table 2 
based on the kind of land use and its susceptibility to 
flooding.

Vicinity to sewers and storm water drainage

With growing pollution and a lack of concern for it, 
the sewerage system has emerged as a crucial com-
ponent and responsibility of the city administration. 
Sewers are man-made drains that are used to move 
sewage from homes to disposal sites. Storm water 
drains (SWDs) are specialised man-made drains that 
assist in moving and draining extra storm runoff 
from the city to the countryside and thus minimise 
floods. The waterlogging in most parts of a megac-
ity like Mumbai is caused by the overflow from these 
drains, which are primarily ineffective at holding or 
draining water; therefore, it is crucial to take this into 
account while analyzing the vulnerability of flood-
ing. The spatial data for these were taken from the 
BRIMSTOWAD-II Draft Master Plan Maps of Storm 
Water Drainage and Sewers created in 2014 as part of 

Fig. 3  Maps of flood influencing parameters
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the continuing project Storm Water Drains Widening 
by the Storm Water Drains Planning Cell, a subor-
dinate department of the Disaster Management Cell, 
MCGM. Using the Euclidean distance tool, the vicin-
ity for a distance up to 500 m was calculated, and it 
was then classified into 5 classes. The ranks were 
assigned as per the closeness of location with refer-
ence to drainage pipes; i.e., a rank of 5 is assigned 
to the category of 0–125 m and 1 is assigned to the 
category of > 500 m (Table 2).

Vicinity to natural drainage

The intensity of flooding was thought to be impacted 
by vicinity to the natural drainage system, implying 
that the area around some stream or river is quite 
vulnerable to floods. Here, all streams and rivers are 
considered to be a part of natural drainage. Further-
more, all the rivers and streams in the study area were 
digitally captured using the SOI OSM sheet, which 
was then updated using high-quality satellite images. 
Using the Euclidean distance tool, the vicinity for a 
distance of up to 1000 m (1 km) was calculated and 
grouped into 5 classes. The ranking is given as per 
the closeness of location with reference to natu-
ral drainage; i.e., a rank of 5 is allocated to the cat-
egory of 0–250 m and 1 is allocated to the category 
of > 1000 m (Table 2).

Vegetation cover

Vegetation cover is the parameter that has the most 
significant impact on flood vulnerability. Flood sus-
ceptibility may increase as vegetation cover declines. 
This connection is the basis for the widespread inclu-
sion of tree cover and land use in studies of flood sus-
ceptibility (Young et al., 2009). Insufficient tree cover 
under barren or open land makes the area highly vul-
nerable to flooding; a maximum class weight of 5 is 
allocated to it, with subsequent classes receiving less 
weight in the sequence of increasing the area under 
tree cover (Table 2).

Soil type

Since soil properties, particularly those that are more 
likely to erode, are more vulnerable to floods because 
the rate of permeability depends on the soil character-
istics of a region. Therefore, soil type was chosen as an 

influencing parameter (Chung et al., 2011). According 
to Ross et  al. (2018), the soil type of Mumbai falls 
under the moderately high and high run-off potential 
groups. The study area has two major soil types, viz., 
vertic halaquepts and coastal alluvium (soil group 
Inceptisols). These soils are very fine, slightly deep, 
poorly drained, and moderately salinised. They are 
located on very gently sloping areas in residual hills. 
These soils generally equate to black and laterite in the 
context of Indian soil classification (Pal, 2013). There-
fore, a ranking is assigned as per the soil characteris-
tics against its erosive capacity. The ranking scheme is 
shown in Table 2.

The above-discussed parameters affect the floods 
in their own way. The aforementioned presumptions 
take into account the known correlations between 
these variables and their impact on flood vulnerabil-
ity. Researchers can gain a thorough understanding 
of the regions most vulnerable to flooding and make 
wise decisions regarding flood mitigation strategies, 
land management techniques, and urban planning by 
recognising and incorporating these parameters in the 
study.

Application of AHP to evaluate the parameters’ 
weight

Determining the weights for influential flood param-
eters is a complex problem that involves different 
criterion functions. If such a scenario is not handled 
with a reasonable and well-processed methodology, 
it often results in a miscalculation of the facts. The 
MCE technique has the potential to logically resolve 
this matter based on multiple criteria. The AHP tech-
nique that Saaty devised was applied in the current 
investigation (Saaty, 1977). With the use of a prefer-
ence matrix, in which all recognised relevant criteria 
are contrasted against one another with replicable 
preference parameters, AHP is a very well-known and 
widely used statistical method to determine the neces-
sary weights of each parameter. A pair-wise evalua-
tion matrix, a measure to represent the proportional 
priority among the components, examines all param-
eters that are thought to be essential for a decision 
against one another. As a result, each parameter needs 
to be given a quantitative score conveying the rela-
tive importance of one variable compared to another. 
A scale for comparison with scores ranging from 
1 to 9, which represent the intensity of importance, 
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was proposed by Saaty and Vargas (1991). Since it 
has been recognised through psychological studies, a 
person cannot compare more than 7 ± 2 variables at 
once. One represents “equal importance”, whereas 
nine represent variables that are “extremely impor-
tant” in comparison to other criteria (Supplementary 
Table 2).

Construction of a pair-wise comparison matrix

A pair-wise comparison matrix of order 7 is shown in 
Supplementary Table  3 and compares seven param-
eters (C1, C2, C3, C4, C5, C6, and C7). When param-
eter C1 and parameter C2 are directly compared, 
parameter C1 is seen as having equal to moderate 
relevance, and the remaining parameter is given the 
same relative weight. The reciprocal of 1/4, or 0.25, is 
immediately applied to the transposed position.

Standardised pair-wise comparison matrix

The stated preference scores are combined in the fol-
lowing phase to arrive at a quantitative score that rep-
resents the weights of the parameters. As a result, eigen 
scores and vectors of the square preference matrix, 
which disclose key information about patterns in the 
data matrix, are computed. Seven eigen scores are pro-
vided by the square matrix of order seven mentioned 
below, which can be used to calculate seven eigen vec-
tors, each of which has seven vector components. Since 
this eigen vector provides enough information to show 
by its eigen vector components—the relative emphases 
of the parameters being investigated—it is viewed as 
adequate to compute only its eigen vector derived from 
the biggest eigen score (Bohra et al., 2006). The pair-
wise matrix is standardised, and the parameter weights 
are represented by the standardised matrix’s eigen 
scores, which are produced as shown in Table 3.

Computing consistency ratio

To evaluate how reliable the assessments have been 
in comparison to sizable samples of merely random 
assessments, the consistency ratio (CR) is determined 
at this point. The AHP always permits a certain degree 
of consistency, but it should not go beyond a certain 
point. The consistency ratio (CR), which evaluates the 
level of consistency, is determined using the random 
inconsistency index (RI) (Supplementary Table  4), Ta

bl
e 

3 
 St

an
da

rd
is

ed
 p

ai
r-w

is
e 

m
at

rix

Pa
ra

m
et

er
s

R
ai

nf
al

l
Sl

op
e

LU
LC

V
ic

in
ity

 to
 se

w
er

s a
nd

 
sto

rm
 w

at
er

 d
ra

in
ag

e
V

ic
in

ity
 to

 
na

tu
ra

l d
ra

in
-

ag
e

Ve
ge

ta
tio

n
So

il
To

ta
l

Pr
io

rit
y 

ve
ct

or
W

ei
gh

t (
%

)

C
1

C
2

C
3

C
4

C
5

C
6

C
7

R
ai

nf
al

l
C

1
0.

33
0.

41
0.

31
0.

34
0.

27
0.

20
0.

19
2.

06
0.

29
29

.4
2

Sl
op

e
C

2
0.

17
0.

21
0.

31
0.

23
0.

21
0.

20
0.

15
1.

47
0.

21
20

.9
6

LU
LC

C
3

0.
17

0.
10

0.
16

0.
23

0.
14

0.
25

0.
19

1.
23

0.
18

17
.5

2
V

ic
in

ity
 to

 se
w

er
s a

nd
 st

or
m

 
w

at
er

 d
ra

in
ag

e
C

4
0.

11
0.

10
0.

08
0.

11
0.

27
0.

15
0.

15
0.

98
0.

14
13

.9
9

V
ic

in
ity

 to
 n

at
ur

al
 d

ra
in

ag
e

C
5

0.
08

0.
07

0.
08

0.
03

0.
07

0.
15

0.
15

0.
63

0.
09

8.
97

Ve
ge

ta
tio

n
C

6
0.

08
0.

05
0.

03
0.

04
0.

02
0.

05
0.

12
0.

39
0.

06
5.

58
So

il
C

7
0.

07
0.

05
0.

03
0.

03
0.

02
0.

02
0.

04
0.

25
0.

04
3.

56
To

ta
l

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

7.
00

1.
00

10
0.

00



 Environ Monit Assess (2023) 195:1534

1 3

1534 Page 12 of 25

Vol:. (1234567890)

created by Saaty (1980). If the CR is substantially 
greater than 0.1, assessments are unreliable because 
they are too close to randomness. If the CR value is less 
than or equivalent to 0.1, the inconsistency is accept-
able, or else the pair-wise comparison may be altered 
(Saaty, 1980). The weights are therefore acceptable.

where , RI is the random consistency 
index,  priority vector multiplies each column 
summation, and n is the number of criterion.

A consistency analysis is carried out, and the result 
of CR = 0.053 lies below the predefined threshold of 
0.1, indicating a high degree of consistency (Table 4). 
As a result, the weights are acceptable.

Results and discussion

The authors carefully constructed a spatial database 
consisting of terrain elevations, LULC classification, 
precipitation data, soil type, vicinity to sewers and 

(1)CR =

CI

RI

storm water drainage and natural drainage, and his-
torical flood records as the base components for our 
analysis. Integration of many datasets is one of the 
key parts of our modelling framework. Enhancing 
the accuracy of our flood vulnerability assessment 
has been achieved through the implementation of 
the AHP as the main decision-making approach. The 
validation and calibration of the model against his-
torical flood data verify the accuracy and reliability 
of its predictions for regions vulnerable to floods. The 
weighted indices in AHP allowed for a complete eval-
uation of the factors that contribute to flood risk. The 
use of historical flood records, together with the over-
lying of different parameters under different climate 
conditions, means that the tool provides a prognostic 
approach for assessing vulnerability levels.

Relationship between flood-triggering parameters and 
flood locations

The causal relationships between flood occurrences 
and each contributing parameter were investigated. 
Table  5 depicts the flood-triggering parameters 
and flood locations in different sub-categories. The 
majority of flood locations are associated with the 
“2000–2100” rainfall range, followed by “ < 2000” 
(85 flood locations) and “2100–2200” (46 flood loca-
tions). The rainfall ranges “2200–2300” and “ > 2300” 
represent the lowest flood locations, with 7, and 4, 
respectively. Also, it is worth mentioning that none 
of the stations in the study area experience rainfall 
less than 1945 mm per year which means that the cat-
egory < 2000 mm refers to rainfall between 1945 and 
2000 mm. The locations along the western coastline 

Table 4  Computing the consistency ratio (CR)

Parameters C1 C2 C3 C4 C5 C6 C7 Criteria weight Criteria weight Consist-
ency 
vector

Rainfall C1 1 2 2 3 4 4 5 0.29 2.24 7.63
Slope C2 0.50 1 2 2 3 4 4 0.21 1.62 7.74
LULC C3 0.50 0.5 1 2 2 5 5 0.18 1.34 7.67
Vicinity to sewers and 

storm water drainage
C4 0.33 0.50 0.50 1 4 3 4 0.14 1.10 7.85

Vicinity to natural drainage C5 0.25 0.33 0.50 0.25 1 3 4 0.09 0.61 6.75
Vegetation C6 0.25 0.25 0.20 0.33 0.33 1 3 0.06 0.39 7.04
Soil C7 0.20 0.25 0.20 0.25 0.25 0.33 1 0.04 0.26 7.24
Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 51.92
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(i.e., Santacruz) have seen 2922.30 mm of average 
annual rainfall over the past 5 years (2016–2020), 
with the highest amounts received in the years 2020 
(3721.99 mm) and 2019 (3428.22 mm). By combin-
ing the spatial patterns of normal annual rainfall and 
flood locations, it is apparent that 95% (i.e., 223) of 
flood locations are concentrated in regions where the 
distribution of rainfall varies between below 2000 to 
2200 mm (Fig. 3; 4b). In terms of slope, the highest 
number of flood locations (163 out of 234) occurs in 
areas with a “very gentle” slope range, followed by a 
“gentle” slope range with 48 flood locations. For the 
“very steep” and “steep” slope ranges, no flood loca-
tions have been recorded (Table  5). It is discovered 
that almost 90% (i.e., 211 out of 234) of flood loca-
tions lie in the categories of gentle and very gentle 
following the spatial analysis of flood locations with 
the slope conditioning factor, making the slope one 
of the main flood impacting parameters (Figs. 3; 4b). 
The “Built-up Area” category has the highest number 
of flood locations, with 207 out of 234; i.e., around 
88.46% of all flood locations are discovered in those 
areas where the land dominates under the “built up” 

category. Other land cover categories such as “water 
body”, “vegetation cover”, “cultivated land”, and 
“open land” have comparatively lower numbers of 
flood locations (Figs.  3; 4b). The sub-category-wise 
spatial patterns of the flood locations, as indicated 
by the outcomes, subvert presumptions. Cities tend 
to have a high degree of susceptibility to floods, 
given that population density and infrastructure are 
of the utmost importance. The finding underscores 
the necessity of multifaceted flood risk management 
solutions.

There is very little chance of percolation and infil-
tration due to the compact concretisation. The city has 
essentially no level of infiltration, as seen by the recur-
rent annual waterlogging episodes, even from a light 
rain event (Ramesh & Iqbal, 2020; Zope et al., 2015, 
2017). This makes the study area highly vulnerable to 
floods. The flood spots are dispersed across different 
proximity ranges, with the highest number of flood 
locations (147 out of 234) concentrated in areas with 
a proximity range of “0–125 m”. With only five flood 
spots, the “ > 500 m” proximity range has the lowest 
number of flood locations (Table  5). Furthermore, 

Table 5  Relationship between flood-triggering parameters and flood locations

Complied by authors

Flood vulnerability parameters Sub-category Total

Rainfall  < 2000 2000.01–2100 2100.01–2200 2200.01–2300  > 2300.01
Flood Locations 85 92 46 7 4 234

Slope Very steep
[20.01 and 

above]

Steep
[15.01–20.00]

Moderate
[10.01–15.00]

Gentle
[5.01–10.00]

Very gentle
[below 5]

Flood locations 0 0 23 48 163 234
LULC Water body Vegetation 

cover
Cultivated land Open land Built-up area

Flood locations 3 5 8 11 207 234
Vicinity to sew-

ers and storm 
water drainage

 > 500mt 375–500 mt 250–375 mt 125–250 mt 0–125 mt
Flood locations 5 14 30 38 147 234

Vicinity to natu-
ral drainage

 > 1000 mt 750–1000 mt 500–750 mt 250–500 mt 0–250 mt
Flood locations 135 11 4 19 65 234

Vegetation Highest dense 
vegetation 
cover

Higher dense 
vegetation 
cover

Dense vegeta-
tion cover

Lower dense 
vegetation 
cover

Lowest dense 
vegetation 
cover

Flood locations 0 2 19 54 159 234
Soil Typic 

ustorthents
Vertic ustre-

pepts
Vertic 

Halaquepts
Mud marsh Settlement 

coastal allu-
vium

Flood locations 0 0 67 21 146 234
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the majority of flood locations (135 out of 234) are 
in areas with a proximity range of “ > 1000 m”. The 
flood locations in the vicinity of natural drainage indi-
cate that only 27.78%, or 65 flood locations, lie in the 
0–250-m category. The flood locations decrease as the 
vicinity range decreases, with the lowest number of 
flood locations (4) found in areas with a vicinity range 
of “500–750 m”. This happens because the city has no 
natural source of drainage and contains a maximum 
number of flood locations (Figs.  3, 4b; Table  5). It 
is clear that the extensive network of artificial drain-
age systems, natural streams, and different creeks that 
turned into sewers plays a crucial role in the manage-
ment of the urban ecosystem in the study area (Bohra 
et al., 2006). With the increase in water level in these 
streams owing to heavy rainfall, the nearest settle-
ment gets flooded (Fact Finding Committee (FFC), 
2006). The mapping of flood susceptibility revealed 
a clear relationship between land use and flood risk, 
with densely populated metropolitan areas and 

large quantities of impermeable surfaces exhibiting 
increased sensitivity because of poor natural drainage 
and excessive surface runoff (Mishra & Sinha, 2020; 
Mohanty et al., 2020). The flood locations are spread 
across different vegetation density categories. Out 
of the 234 locations, the “Lowest Dense Vegetation 
Cover” category has the highest number of flood spots 
(159), followed by Lower Dense Vegetation Cover 
(54 flood locations). No flood locations are associated 
with the “Highest dense Vegetation Cover” category 
(Table 5). In settlement areas where the major soil type 
is coastal alluvium, flooding occurs more frequently. 
The soil type is affected by the different types of land 
use because it affects the erosive capacity of the soil 
(Borrelli et  al., 2020). Therefore, flood vulnerability 
is likely to rise in areas where the major soil type is 
coastal alluvium. The highest number of flood loca-
tions (146 out of 234) occurs in areas where the domi-
nant soil type is settlement coastal alluvium. Other 
soil types, such as “Vertic Halaquepts” and “Mud 

Fig. 4  Map of a flood-vulnerable zones (using AHP) and (b) ward-wise waterlogging spots
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Marsh”, also contribute to flood vulnerability, but to 
a lesser extent. Saltpans and marshes are another class 
of soil type where the frequency of flood occurrences 
is really high. It occurs because these marshlands were 
created by digging and cleaning activities along the 
banks of the Mithi River in the study area, which typi-
cally overflows onto these marshlands and the nearby 
settlements during heavy rainfall events (M.Plan, 
2009). The mapping of flood vulnerability revealed 
that areas with steep slopes, high amounts of rainfall, 
sparse vegetation cover, impermeable soil types, and 
urbanised land use practices exhibited the highest lev-
els of vulnerability to flooding. The approach adopted 
in the current study in the assessment of flood vulner-
ability effectively identified the most susceptible loca-
tions through the integration of several spatial data-
sets, underlining the need to take into account multiple 
elements like rainfall, slope, LULC, vicinity to sewers 
and stormwater drainage, and natural drainage, veg-
etation, and soil types. It became clear that most of 
the flood locations with insufficient drainage systems 
were associated with higher exposure levels when the 
flood vulnerability map was compared with the exist-
ing drainage networks, highlighting the necessity of 
efficient drainage systems in lowering flood risk. The 
current research relied on a mapping approach which 
we needed to assure valid performance through rigor-
ous validation analyses. We did so by matching our 
resulting vulnerability map with historical records 
detailing areas prone to flooding caused by previous 
flood events. Importantly, we found congruent results 
between these records and our assessment through 
this methodological framework demonstrating emi-
nent reliability. While our model is quite detailed in 
its scope, there are still some limitations, one of which 
is data coverage and quality. It drives an important 
conversation about how we can better collect data and 
leverage new technology in order to more accurately 
assess flood vulnerability.

Ward-wise analysis of flood locations

Supplementary Table  5 shows crucial information 
pertaining to both the Mumbai and Mumbai Subur-
ban districts. This information commands attention 
as it outlines specific details on ward names, denoted 
letters, locations, areas, and the number of flood loca-
tions present therein. Locations such as CST and 
Church Gate are part of Colaba Ward (A) in the case 

of Mumbai City District, where seven flood locations 
are detected. Within the boundaries of Sandhurst 
Road (ward B), spanning across an area of 266 ha, are 
flood locations such as Sandhurst Road and Masjid, 
and four spots have the issue of flooding. In terms of 
size within the city district, Marine Lines (ward C) is 
the smallest ward, covering an area of 191 ha. There 
are seven spots where flood occurs in the Marine 
Lines area. A total of twelve waterlogging spots are 
recorded around the area of Bombay Central, which is 
part of Ward D (Grant Road). Additionally, six more 
such areas exist within Ward E (Byculla). Parel (Ward 
F/S) has three waterlogging spots around Cotton 
Green. Matunga (Ward F/N) comprises Mahim and 
Matunga Road along with seven waterlogging spots, 
and Ward G/N (Dadar) comprises Wadala and Dadar 
along with 10 locations that frequently get flooded. 
Elphinstone Road, Curry Road, Sewri, and Mahal-
axmi are part of the ward of G/S (Elphinstone) and 
include a total of 20 flood locations. Flooding is a sig-
nificant issue in Mumbai, with 76 flooded spots iden-
tified in the Mumbai city district alone. These spots 
are distributed across different wards, with Elphin-
stone (G/S) ward having the highest number of 20 
flooded locations (Supplementary Table 5).

The suburban area of Ward H/W, which is part 
of Bandra, includes a total of nine flood locations. 
In addition, the ward H/E (Khar) found a total of 10 
flood locations in and around Khar East and Kher-
wadi. Ward K/E (Andheri East) encompasses an area 
of 2400 ha with five flood locations. Jogeshwari and 
Villeparle fall under Andheri (West) (Ward K/W), 
and the number of flood locations detected is 12. 
Goregaon (Ward P/S) includes the Goregaon area and 
has 17 spots that are prone to floods. In Malad (Ward 
P/N) and Kandivali (Ward R/S), there are a total of 
nine flood locations in each ward. In Borivali Ward, 
there are 21 flood locations, and seven flood locations 
in the northernmost ward, i.e., Dahisar. Kurla (Ward 
L) contains 19 flood locations, including Tilak Nagar 
and Chuna Khatti. The northeastern ward of Chembur 
(M/E) includes the flooded locations of Mankhurd 
and Govandi and has only three flood spots, whereas 
Chembur (West) has just one spot susceptible to 
flooding. Pantnagar and Vikhroli fall under Ghat-
kopar (Ward N) and have eight flood locations. There 
are a total of 16 flood locations in Bhandup (S), and 
Mulund consists of 12 flood locations. The Mumbai 
Suburban district also faces flooding issues, with 
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a total of 158 flooded spots identified in the known 
wards. Borivali (R/C) ward has the highest number of 
flooded spots, i.e., 21 (Supplementary Table 5). This 
indicates that drainage systems and encroachment in 
low-lying areas are to blame for flood events that have 
occurred in and around Mumbai city. The majority of 
the drainage systems in the study area are gummed up 
with solid waste, making these areas extremely vul-
nerable to floods. In contrast, the frequency of floods 
is higher due to the influence of increased runoff in 
and around urban peripheries. The parameters taken 
in the current study are strongly associated with flood 
vulnerability. This shows that although the main 
underlying cause of the flood is the intensity of the 
rainfall, it is not the only crucial parameter affecting 
the floods in a region like Mumbai. Overall, the data 
highlights the need for proper urban planning and 
infrastructure development to address the flood issues 
in Mumbai and Mumbai Suburban districts, particu-
larly in those wards with a higher number of flood 
locations. Disseminating this type of data can pro-
vide valuable insight about potential issues that resi-
dents or organisations might encounter during bouts 
of heavy rainfall. According to the findings, the AHP 
model offers great potential for revealing detailed 
insights on flood vulnerability factors. We found that 
changes in factor exposures caused subtle differences 
in risk quantification, which emphasises the need for 
sound sensitivity analysis.

Vulnerability analysis

Based on the AHP technique, weights are computed 
in percent as 29.42, 20.96, 17.52, 13.99, 8.97, 5.58, 
and 3.56 for rainfall, slope, LULC, vicinity to sewers 
and storm water drainage, vicinity to natural drain-
age, vegetation, and soil type of the study area, and 
consistency ratio (CR) is computed as 0.053. This 

demonstrated a respectable level of accuracy in the 
pair-wise comparison matrix. Using the arithmetic 
weighted sum overlay technique in the Arc GIS 10.9 
software, each parameter’s raster layer in grid format 
is multiplied by its assigned weight prior to being 
added together. Small values denote low vulnerability 
to floods, and high values denote high vulnerability 
to floods. The composite values are generated in the 
range of 144 to 384. The merged map is reclassified 
into five categories—severe, very high, high, medium, 
and slight (Fig. 4a)—using the quantitative method of 
standard deviation (SD) (Table 6). In the study area, 
the flood-vulnerable area is computed as follows: 
46.72% (severe), 11.91% (very high), 6.83% (high), 
5.39% (moderate), and 29.15% (slight) (Table  6). 
Most of the waterlogged spots, i.e., 85.46%, were 
found in areas that fall under the category of severe 
to very high vulnerability, and only 14% of locations 
fall in the other three categories as per the data of the 
flood locations that are collected from the MCGM 
authorities. According to the findings of the study, 
which are based on a combined weighted analysis of 
all parameters, the north and north-eastern parts of 
the study area lie in a slight to moderately vulnerable 
zone, whereas the south and south-western parts of the 
study area come under the category of a severe to very 
high vulnerability zone.

In light of the above discussion, achieving effec-
tive urban flood control initiatives hinges on conduct-
ing an initial vulnerability analysis phase first and 
foremost; it allows us to better understand complex 
parameters that contribute towards flood vulnerabili-
ties in any given city or region by identifying key 
areas at risk. With comprehensive data collection sup-
ported by community engagement initiatives, we have 
access to even more insights into entrenched param-
eters that exacerbate existing vulnerabilities, adding 
new options for mitigation tactics that can include 

Table 6  Area under flood 
vulnerability using AHP

Sr. no Flood-vulner-
able zones

Area
(sq. km)

Area
(%)

No. of water-
logged locations

% of waterlogged locations 
under flood vulnerable zone

1 Slight 127.59 29.15 5 2.14
2 Moderate 23.59 5.39 7 2.99
3 High 29.90 6.83 22 9.40
4 Very High 52.13 11.91 70 29.91
5 Severe 204.50 46.72 130 55.55
Total 437.71 100 234 100
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everything from enhancing existing infrastructure to 
creating early warning systems, all aimed at provid-
ing robust emergency response plans when necessary. 
Prioritising such actions creates layers of resilience 
even amidst difficult environmental conditions, ulti-
mately leading to the safeguarding of both lives and 
property for years to come.

Discussion

Although the current research is explicitly conducted 
for the city of Mumbai, the present study also makes 
generalisations about different coastal cities in India 
and in other parts of the world. The study area has 
traditionally experienced significant urbanisation as a 
result of different aspects linked with colonial expan-
sion, economic growth, and a rising population (Bha-
gat & Gavin, 2013; Bhowmik, 2011). In the case of 
India, LPG reforms led to substantial growth in urban 
planning for most of the megacities between the 1990s 
and 2000s (Ravan, 2014). Since flood risk diagnos-
tic techniques were not as sophisticated and accurate 
as they are now, it caused uncontrolled growth and 
encroachment in flood-prone areas. In this regard, we 
find ourselves in a situation where a significant por-
tion of city planning for the future has already been 
approved. Another significant problem in the majority 
of Indian cities is the delay in development projects. 
Furthermore, we now know more about the likelihood 
of flooding in cities from a geographical perspective, 
and there are a lot of recent buildings and structures 
that have been built in flood-prone locations. As a 
result of climate change, heavy rainstorms are becom-
ing more frequent and intense in different parts of India 
(Goswami et  al., 2006; Guhathakurta & Rajeevan, 
2008; Rakhecha & Pisharoty, 1996). Due to the occur-
rence of these heavy storm events, national authorities 
will need to re-evaluate the return periods of different 
durations in order to better assess the risk of flooding 
in different megacities on a regular basis (Zope et al., 
2015). The urban development plan of the city identi-
fies some built-up locations as being at risk of flood-
ing. The presence of these locations in vulnerable areas 
makes this sensitive position even more complicated. 
Government agencies must deal with this challeng-
ing scenario because landowners have already secured 
their rights to construct in these areas. Local authori-
ties have to decide between suing those property 
owners in court and forcing them to pay significant 

private expenditures on flood mitigation facilities in 
order to approve the execution of development plans. 
These investments can also be politically divisive in 
some situations because of their high socio-economic 
profitability.

A number of different megacities in India are expe-
riencing this intricate confluence of events (like heavy 
storm events), and it will occur more frequently over the 
next few decades (Mann et  al., 2023; Rajeevan et  al., 
2008). In this regard, the MCE approach, in associa-
tion with the AHP technique, is used in the analysis of 
flood-influencing parameters. It has added new insights 
into the vulnerability assessment of any common haz-
ard in a city like Mumbai that may be extremely helpful 
in identifying future incidents. We were able to see how 
different parameters used in the current study signifi-
cantly increased the vulnerability of the city of Mum-
bai to floods using the AHP technique. The study area 
originally comprised seven islands: Bombay, Maza-
gaon, Parel, Worli, Mahim, Little Colaba, and Colaba. 
The Mumbai metropolis was formed by reclaiming all 
of these islands. The metropolis, which is now burst-
ing with concrete buildings, was formerly a mangrove 
forest-dominated mixed wetland habitat. However, 
mangroves have been destroyed over the past century, 
and streams are now blocked with construction waste, 
leaving the city without its natural barriers (Sarkar, 
2017). The process of rapid urbanisation has contrib-
uted to the problem of flooding because it has altered 
the hydrology, morphology, habitat, and ecology of 
the study area (Zope et al., 2015). The flood locations 
across sub-categories of different parameters show 
interesting results. The slope categories of less than 5 m 
and 5.01–10 m (211 flood location), the built-up land 
category (207 flood location) in LULC, the vicinity of 
sewers and storm water drainage of less than 125  m 
(147 flood location), the category of natural drainage 
of < 250 m (65 flood location), the rainfall category of 
below 2000 to 2200 mm (223 flood location), the cat-
egory of lowest dense vegetation (159 flood location), 
and the category of coastal alluvium (146 flood loca-
tion) in soils all exhibit higher interactions with flood 
locations. In the case of natural drainage, the sub-cat-
egory of > 1000 mt. has 135 flood locations (Table 5). 
It is because most of the flood locations lie in city dis-
trict, and the city has no network of natural drainage. 
Moreover, poor drainage, Mithi River overflow, and a 
combination of river overflow and high tides all con-
tribute to the frequent floods in Mumbai (M.Plan, 2009; 
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Kadave et  al., 2016; Mohanty, et  al., 2020). Also, the 
analysis of ward-wise flood locations reveals interesting 
insights. Elphinstone-ward (20 flood locations) in the 
city district and Borivali-ward (21 flood locations) in 
the sub-urban district have the highest number of flood 
locations. On the contrary, Parel ward in the city dis-
trict and Chembur (west) in the sub-urban district have 
the lowest number of flood locations (Supplementary 
Table  5). The flood preparedness guidelines (NDMA, 
2019) emphasise how crucial it is to preserve the natu-
ral processes that control flood water. The ecological 
setting of the study area naturally protects the city from 
flooding; however, the rivers of Mumbai, which serve 
as the natural drainage of the city, are in such bad con-
dition that they are unable to perform their intended 
purpose. When it rains, one of the main rivers, the 
Mithi, which is clogged with industrial and domestic 
waste, overflows (M.Plan, 2009). Similar factors also 
make the areas along other important rivers, like the 
Dahisar, Poisar, and Oshiwara rivers, prone to flooding. 
The wetlands conservation and management guidelines 
were revised in 2017, and salt pans that serve as buffers 
against high tide and heavy rainfall were no longer rec-
ognised as wetlands (GIWR, 2017).

The weights for different criteria are calculated for 
the different parameters under consideration. Then, the 
parameters are classified according to their intensity 
of importance, i.e., from a severe to a slight category. 
The results revealed that most of the flood locations 
(approx. 85%) lie in areas of very high vulnerability. 
The findings of the study show that the delineation of 
flood-prone areas marks a major stride towards com-
prehending the intricate nuances of flood risk. The 
results of the current study are interesting and informa-
tive, but they need deeper investigation to understand 
them well and draw boundaries. Humans themselves 
will be directly exposed to the risk of flooding as the 
natural barriers against climate change are destroyed 
to make room for the habitat of a burgeoning popula-
tion. Thus, it may be inferred that there is a risky gen-
eral trend in the existing urban expansion patterns to 
emphasisze flood risks that occur in the study area, 
demanding a rethinking of development patterns that 
put more emphasis on flooding issues. The cities of 
India are not the only ones that face issues of urban 
planning and flooding. It is a phenomenon that, with 
different regional variations, is starting to have an 
increasing impact in other cities all over the world. Spe-
cific problems exist in different metropolitan regions 

that have expanded rapidly in developed nations, like 
Seoul (Choi et  al., 2021), or in cities in developing 
nations, like Rio de Janeiro (Lourenço et al., 2020). In 
this regard, the methodological framework (AHP tech-
nique) suggested can be extremely helpful in detecting 
some specific problems associated with flood vulner-
ability by taking into account all seven parameters used 
in the current study.

The current study confirmed the necessity of incor-
porating various sources and variables into the flood 
vulnerability assessment. In this regard, the study 
employed the AHP, which helped us to order these 
variables through a step-by-step process of prioritisa-
tion and ranking. Yet, considering the fundamental 
nature of the method presented, it must be understood 
that it still has a number of limitations. Although the 
AHP model accounts for these attributes, further work 
could be conducted as a matter of improving method-
ology and increasing our understanding of how they 
play a part in flood vulnerability. Apart from that, the 
analysis performed must be enhanced by applying it 
to further case studies to confirm its validity. Given 
its exploratory nature, the AHP technique might have 
overlooked different parameters whose inclusion could 
assist the procedure in becoming more dependable 
and resilient in other examples with varying threshold 
constraints. Furthermore, with regard to policy impli-
cations, it would be captivating if the technique could 
assist at the spatial level in a fragmented way instead 
of an aggregated one, as indicated in the ongoing 
investigation. It is the need of the hour to develop a 
more capable graphic design tool with increased com-
putational power that could integrate urban planning 
and flooding and transmit results in a localised man-
ner for each sector of the city. This would make it pos-
sible for what is essentially straightforward scientific 
research to develop into a real graphic tool to assist in 
the development of urban planning for cities.

Conclusion

In this study, urban flood-vulnerable zones in Greater 
Mumbai, a highly flood-prone metropolis, were delin-
eated using the AHP technique. The slope categories 
of less than 5 m and 5.01–10 m, the built-up land cat-
egory in LULC, the vicinity of sewers and storm water 
drainage of less than 125  m, the category of natural 
drainage of < 250  m, the rainfall category of below 
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2000 to 2200 mm, the category of lowest dense vegeta-
tion, and the category of coastal alluvium in soils all 
exhibit higher interactions with flood locations. The 
present study draws the conclusion from the causal 
relationship of all the parameters that built-up land 
use and vicinity to artificial sewerage systems are the 
main influencing parameters for flood vulnerability in 
the study area, along with a strong association with the 
natural parameters like rainfall, slope, and soil.

We may comprehend the underlying triggering 
parameters that are typically neglected in the vagueness 
of blind infrastructure investment by assessing the flood 
vulnerability that is conducted in mainstream and aca-
demic studies of metropolises like Mumbai, Hyderabad, 
Bangalore, and Delhi. Megacities are frequently viewed 
as the sole loci of economic and financial development 
in developing countries, where environmental changes 
are made while obnoxiously ignoring the risk of natu-
ral disasters. The outcomes of this study, which fre-
quently suffers from administrative problems, indicate 
that urban expansion, whether planned or unplanned, 
can significantly alter the hydrological processes of a 
watershed. In the scenario of Mumbai, this damage has 
gone beyond reasonable limits, culminating in rivers 
and streams that have been transformed into city sewers 
blocked with solid waste. Even a brief period of rain-
fall causes floods in this metropolis since the land sur-
face has achieved zero levels of infiltration. However, 
despite the fact that urban land use change is the most 
essential parameter in the study of flood vulnerability, 
it simply cannot be chosen in isolation. As a result, 
another significant conclusion that can be drawn is that 
in order to understand the full geographic and climatic 
narrative of urban floods, it is necessary to include all 
the other parameters (rainfall, slope, vicinity to sewers 
and storm water drainage and natural drainage, veg-
etation, and soil) and correlate their relationship with 
floods.

The critical discussion of the results mentioned in 
the current study highlights the limitations and dif-
ficulties involved in flood risk mapping. The study 
findings provide important new evidence in this 
domain, but at the same time, they remind us how 
much we still have to improve our data, models, 
and understanding of the complexities around dif-
ferent degrees of flood-prone areas. This study lays 
the groundwork for further investigations to improve 
disaster resilience and community welfare in flood-
prone areas. The MCGM and the relevant authorities 

should therefore repair the current abnormalities in 
the system, such as the storm water drainage system, 
with the aid of such scientific investigations carried 
out at multi-scalar levels in order to minimise the 
risk of future damage. The following suggestions are 
made by the authors of the work:

 1. Employing low-impact development best man-
agement practices (LID-BMPs) for urban 
surface runoff control. LID-BMPs are green 
approaches for managing stormwater that help 
control runoff and maintain pre-development 
hydrologic characteristics. These practices 
include the local retention of stormwater using 
control measures like rain gardens, rain barrel, 
green roofs, permeable pavement, conservation 
easements, vegetated/grassed swales, infiltration 
trenches, and bio-retention systems.

 2. Using a multi-objective optimisation decision-mak-
ing framework: A framework that combines the 
storm water management model (SWMM) with 
Non-Dominated Sorting Genetic Algorithm-II 
(NSGA-II) models can be used to optimise the 
performance of LID-BMPs in terms of cost–ben-
efit analysis and runoff volume reduction.

 3. Optimum selection and placement of LID-
BMPs helps hydrologists select and achieve 
maximum ecological benefits with minimum 
expenses. LID-BMPs help reduce runoff by 
22–26% for the same expenditures.

 4. Considering the complexity of the parameters 
involved, LID-BMPs help in attenuating urban 
surface runoff at the watershed scale, which in 
turn further promotes the concept of sponge cities.

 5. Identifying flood-prone locations on large-scale 
maps.

 6. Make laws governing construction activities in 
floodplains and enforce them.

 7. Provide specific areas for the flood plain, such 
as by forestation, land sloping, and the construc-
tion of small reservoirs, check dams, and ponds, 
in order to increase the water holding capacity 
of a watershed.

 8. The potential of the high runoff should be 
matched while improving the sewers and storm 
water drainage systems, and two parameters 
must be taken into account while planning the 
city structures: the trend in population growth 
and the changing climate.
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 9. Demarcate vulnerable zones to halt the ruthless 
encroachment onto marshlands and other fragile 
water bodies.

 10. To plan for restoration in the form of shelter 
dwellings both before and after disasters.

Acknowledgements Rohit Mann is thankful to the UGC 
(University Grant Commission) for financial assistance 
as a JRF/SRF fellowship in the Geography Department, 
Kurukshetra University, Kurukshetra, under NTA Ref. No.: 
190510172485. Rohit Mann is thankful to Dr. Anju Gupta 
and Prof. Amit Dhorde for their valuable guidance and sup-
port.  The authors are also grateful to Kurukshetra University 
for providing the infrastructure facilities. We are also grateful 
to the MCGM (Municipal Corporation of Greater Mumbai) 
authorities for providing the required data at the earliest pos-
sible time. We also consider the contributions of all those who 
helped us by giving their valuable suggestions.

Author contribution Rohit Mann was responsible for design 
of the research. Material preparation, data collection, and anal-
ysis were performed by Rohit Mann. Rohit Mann interprets 
the results. Rohit Mann wrote the first draft of the manuscript. 
Anju Gupta took lead in supervision. All authors provided 
comments on different versions of the manuscript. All authors 
read and approved the final manuscript.

Data availability  All supporting data are mentioned in 
Table 1 of the manuscript.

Data availability  Not applicable.

Declarations 

 All authors have read, understood, and complied as applicable 
with the statement on “Ethical responsibilities of Authors” as 
found in the Instructions for Authors.

Competing interests The authors declare no competing interests.

Consent for publication The authors express their consent 
for publication of research work.

References

Afshar, A., Marino, M. A., Saadatpour, M., & Afshar, A. 
(2011). Fuzzy TOPSIS multi-criteria decision analysis 
applied to Karun reservoirs system. Water Resources 
Management, 25(2), 545–563. https:// doi. org/ 10. 12652/ 
Ksce. 2013. 33.3. 917

Ahammed, F., Hewa, G. A., & Argue, J. R. (2012). Applying 
multi-criteria decision analysis to select WSUD and LID 
technologies. Water Science & Technology: Water Sup-
ply, 12(6), 844–853. https:// doi. org/ 10. 2166/ ws. 2012. 060

Ahmadisharaf, A., Kalyanapu, A. J., & Chung, E. S. (2015). 
Evaluating the effects of inundation duration and veloc-
ity on selection of flood management alternatives using 
multi-criteria decision making. Water Resources Man-
agement, 29(8), 2543–2561. https:// doi. org/ 10. 1007/ 
s11269- 015- 0956-4

Ali, S. A., Khatun, R., Ahmad, A., & Ahmad, S. N. (2019). 
Application of GIS-based analytic hierarchy process and 
frequency ratio model to flood vulnerable mapping and 
risk area estimation at Sundarban region, India. Model-
ling Earth Systems and Environment, 5, 1083–1102. 
https:// doi. org/ 10. 1007/ s40808- 019- 00593-z

Al-Juaidi, A. E., Nassar, A., & Al-Juaidi, O. E. M. (2018). 
Evaluation of flood susceptibility mapping using logistic 
regression and GIS conditioning factors. Arabian Jour-
nal of Geosciences, 11, 1–10. https:// doi. org/ 10. 1007/ 
s12517- 018- 4095-0

Altaf, F., Meraj, G., & Romshoo, S. A. (2013). Morphomet-
ric analysis to infer hydrological behaviour of Lidder 
watershed, Western Himalaya, India. Geography Journal, 
178021. https:// doi. org/ 10. 1155/ 2013/ 178021

Althuwaynee, O. F., Pradhan, B., Park, H. J., & Lee, J. H. 
(2014). A novel ensemble bivariate statistical evidential 
belief function with knowledge-based analytical hierar-
chy process and multivariate statistical logistic regres-
sion for landslide susceptibility mapping. CATENA, 114, 
21–36. https:// doi. org/ 10. 1016/j. catena. 2013. 10. 011

Bhagat, B.R., & Gavin, G.W. (2013). Population change and 
migration in Mumbai Metropolitan Region: Implications 
for planning and governance. Asia Research Institute, 
Singapore, 201, 1–24. www. ari. nus. edu. sg/ docs/ wps/ 
wps13_ 201. pdf

Bhowmik, S.K. (2011). Politics of urban space in Mumbai: 
Citizen versus urban working poor. Public Participation, 
pp 72–87. https:// udri. org/ wpcon tent/ uploa ds/ Mumbai% 
20Rea der/ MR% 209/ 05% 2005% 20Sha rit% 20K.% 20Bho 
wmik% 20-% 20Pol itics% 20of% 20Urb an% 20Spa ce% 
20in% 20Mum bai,% 20% E2% 80% 98Cit izens% E2% 80% 
99% 20ver sus% 20the% 20urb an% 20wor king% 20poor. pdf

Blazkova, S., & Beven, K. (1997). Flood frequency prediction 
for data limited catchments in the Czech Republic using 
a stochastic rainfall model and TOPMODEL. Journal of 
Hydrology, 195(1–4), 256–278. https:// doi. org/ 10. 1016/ 
S0022- 1694(96) 03238-6

BMC. (2022). Flood risk in Mumbai—Consultative Stake-
holder Workshop, Conference Proceedings, World 
Resources Institute, Mumbai. https:// files. wri. org/ d8/ 
s3fs- public/ 2022- 11/ flood- works hop- confe rence- proce 
edings- wri- india. pdf? Versi onId= sPRde oWsPQ Z8vU_ 
5CEpc nWIKb GBNuv uK

Bohra, A. K., Basu, S., Rajagopal, E. N., Iyengar, G. R., Gupta, 
M. D., Ashrit, R., & Athiyaman, B. (2006). Heavy rain-
fall episode over Mumbai on 26 July 2005: Assessment 
of NWP guidance. Current Science, 90(9), 1188–1194 
https:// core. ac. kuk/ downl oad/ pdf/ 15149 7029. pdf

Borrelli, P., Robinson, D. A., Panagos, P., & Ballabio, C. 
(2020). Land use and climate change impacts on global 
soil erosion by water (2015–2070). Environmental Sci-
ences, 117(36), 21994–22001. https:// doi. org/ 10. 1073/ 
pnas. 20014 03117

https://doi.org/10.12652/Ksce.2013.33.3.917
https://doi.org/10.12652/Ksce.2013.33.3.917
https://doi.org/10.2166/ws.2012.060
https://doi.org/10.1007/s11269-015-0956-4
https://doi.org/10.1007/s11269-015-0956-4
https://doi.org/10.1007/s40808-019-00593-z
https://doi.org/10.1007/s12517-018-4095-0
https://doi.org/10.1007/s12517-018-4095-0
https://doi.org/10.1155/2013/178021
https://doi.org/10.1016/j.catena.2013.10.011
http://www.ari.nus.edu.sg/docs/wps/wps13_201.pdf
http://www.ari.nus.edu.sg/docs/wps/wps13_201.pdf
https://udri.org/wpcontent/uploads/Mumbai%20Reader/MR%209/05%2005%20Sharit%20K.%20Bhowmik%20-%20Politics%20of%20Urban%20Space%20in%20Mumbai,%20%E2%80%98Citizens%E2%80%99%20versus%20the%20urban%20working%20poor.pdf
https://udri.org/wpcontent/uploads/Mumbai%20Reader/MR%209/05%2005%20Sharit%20K.%20Bhowmik%20-%20Politics%20of%20Urban%20Space%20in%20Mumbai,%20%E2%80%98Citizens%E2%80%99%20versus%20the%20urban%20working%20poor.pdf
https://udri.org/wpcontent/uploads/Mumbai%20Reader/MR%209/05%2005%20Sharit%20K.%20Bhowmik%20-%20Politics%20of%20Urban%20Space%20in%20Mumbai,%20%E2%80%98Citizens%E2%80%99%20versus%20the%20urban%20working%20poor.pdf
https://udri.org/wpcontent/uploads/Mumbai%20Reader/MR%209/05%2005%20Sharit%20K.%20Bhowmik%20-%20Politics%20of%20Urban%20Space%20in%20Mumbai,%20%E2%80%98Citizens%E2%80%99%20versus%20the%20urban%20working%20poor.pdf
https://udri.org/wpcontent/uploads/Mumbai%20Reader/MR%209/05%2005%20Sharit%20K.%20Bhowmik%20-%20Politics%20of%20Urban%20Space%20in%20Mumbai,%20%E2%80%98Citizens%E2%80%99%20versus%20the%20urban%20working%20poor.pdf
https://doi.org/10.1016/S0022-1694(96)03238-6
https://doi.org/10.1016/S0022-1694(96)03238-6
https://files.wri.org/d8/s3fs-public/2022-11/flood-workshop-conference-proceedings-wri-india.pdf?VersionId=sPRdeoWsPQZ8vU_5CEpcnWIKbGBNuvuK
https://files.wri.org/d8/s3fs-public/2022-11/flood-workshop-conference-proceedings-wri-india.pdf?VersionId=sPRdeoWsPQZ8vU_5CEpcnWIKbGBNuvuK
https://files.wri.org/d8/s3fs-public/2022-11/flood-workshop-conference-proceedings-wri-india.pdf?VersionId=sPRdeoWsPQZ8vU_5CEpcnWIKbGBNuvuK
https://files.wri.org/d8/s3fs-public/2022-11/flood-workshop-conference-proceedings-wri-india.pdf?VersionId=sPRdeoWsPQZ8vU_5CEpcnWIKbGBNuvuK
https://core.ac.kuk/download/pdf/151497029.pdf
https://doi.org/10.1073/pnas.2001403117
https://doi.org/10.1073/pnas.2001403117


Environ Monit Assess (2023) 195:1534 

1 3

Page 21 of 25 1534

Vol.: (0123456789)

Chandra, M. K., Sutapa, S., & Pritam, A. (2023). Flood haz-
ards and risk prediction by using the analytical hierar-
chy process on GIS platform: a case study in lower Ajay 
basin. India. Disaster Advances, 16(1), 1–13. https:// doi. 
org/ 10. 25303/ 1601d a01013

Chatterjee, M. (2010). Resilient flood loss response systems 
for vulnerable populations in Mumbai: A neglected alter-
native. Graduate School-New Brunswick Rutgers, The 
State University of New Jersey, U.S.A. https:// doi. org/ 10. 
7282/ T3G44 Q2X

Chen, X. L., Zhao, H. M., Li, P. X., & Yin, Z. Y. (2006). 
Remote sensing image-based analysis of the relationship 
between urban heat island and land use/cover changes. 
Remote Sensing of Environment, 104, 133–146. https:// 
cites eerx. ist. psu. edu/ viewd oc/ downl oad? doi= 10.1. 1. 183. 
7856& rep= rep1& type= pdf

Choi, Y., Kang, J., & Kim, J. (2021). Urban flood adaptation 
planning for local governments: Hydrology analysis and 
optimization. International Journal of Disaster Risk 
Reduction, 59, 102213.

Choubin, B., Moradi, E., Golshan, M., Adamowski, J., Sajedi-
Hosseini, F., & Mosavi, A. (2019). An ensemble pre-
diction of flood susceptibility using multivariate discri-
minant analysis, classification and regression trees, and 
support vector machines. Science of the Total Environ-
ment, 651(2), 2087–2096. https:// doi. org/ 10. 1016/j. scito 
tenv. 2018. 10. 064

Chowdhuri, I., Chandra Pal, S. C., & Chakrabortty, Rabin. 
(2019). Flood susceptibility mapping by ensemble evi-
dential belief function and binomial logistic regression 
model on river basin of eastern India. Advances in Space 
Research 65(5). https:// doi. org/ 10. 1016/j. asr. 2019. 12. 003

Chung, E. S., Hong, W. P., Lee, K. S., & Burian, S. J. (2011). 
Integrated use of a continuous simulation model and 
multi-attribute decision-making for ranking urban 
watershed management alternatives. Water Resources 
Management, 25(2), 641–659. https:// doi. org/ 10. 1007/ 
s11269- 010- 9718-5

Climate Action Plan (2022). Climate & air pollution risks and 
vulnerability assessment for Mumbai, India. Brihan-
mumbai Municipal Corporation, Mumbai, Maharashtra. 
https:// drive. google. com/ file/d/ 1fItA QZ3qP sNEFe 4bsq2 
4orbW qRHPp 6d3/ view

Currit, N. (2005). Development of a remotely sensed, historical 
landcover change database for rural Chihuahua, Mexico. 
International Journal of Applied Earth Observation 
and Geoinformation, 7(3), 232–247. https:// doi. org/ 10. 
1016/j. jag. 2005. 05. 001

De-Brito, M. M., Evers, M., & Almoradie, A. D. S. (2018). 
Participatory flood vulnerability assessment: A multi-
criteria approach. Hydrology and Earth System Sciences, 
22, 373–390. https:// doi. org/ 10. 5194/ hess- 22- 373- 2018

Ercanoglu, M., & Gokceoglu, C. (2002). Assessment of land-
slide susceptibility for a landslide prone area (north of 
Yenice, NW Turkey) by fuzzy approach. Environmental 
Earth Sciences, 41, 720–730. https:// doi. org/ 10. 1007/ 
s00254- 001- 0454-2

Farajzadeh, M. (2002). Flood susceptibility zonation of drain-
age basins using remote sensing and GIS, case study 
area: Gaveh rod Iran. Proceeding of International sym-
posium on Geographic Information Systems, Istanbul, 

Turkey. https:// www. resea rchga te. net/ profi le/ Manuc 
hehrF arajz adeh/ publi cation/ 39629 97_ Flood_ susce ptibi 
lity_ zonat ion_ of_ drain age_ basins_ using_ remote_ sensi 
ng_ and_ GIS_ case_ study_ area_ Gaveh_ RodIr an/ links/ 
55dac 41b08 aeb38 e8a8a 1f76/ Flood- susce ptibi lity- zonat 
ion- of- drain age- basins- using- remote- sensi ng- and- GIS- 
case- study- area- Gaveh- Rod- Iran. pdf

Feloni, E., Mousadis, I., & Baltas, E. (2020). Flood vulnerabil-
ity assessment using a GIS‐based multi‐criteria approach 
—The case of Attica region. Journal of Flood Risk Man-
agement, 13. https:// doi. org/ 10. 1111/ jfr3. 12563

Fernandez, D. S., & Lutz, M. A. (2010). Urban flood hazard 
zoning in Tucuman Province, Argentina, using GIS and 
multicriteria decision analysis. Engineer Geolog, 111(1), 
90–98. https:// doi. org/ 10. 1016/j. enggeo. 2009. 12. 006

FFC (Fact Finding Committee) Report on Mumbai Floods 
(2006). Maharashtra State Government committee 
Report 1, 1–359. https:// pdfsl ide. net/ docum ents/ fact- findi 
ng- commi ttee- on- Mumbai- floods- vol1. html? page=5

Fowler, H. J., & Kilsby, C. G. (2003). A regional frequency 
analysis of United Kingdom extreme rainfall from 1961 
to 2000. International Journal of Climatology, 23, 1313–
1334. https:// doi. org/ 10. 1002/ joc. 943

Ghosh, D., Banerjee, M., Karmakar, M., Mandal, D. (2022). 
Application of geoinformatics and AHP technique to 
delineate flood susceptibility zone: A case study of 
Silabati River Basin, West Bengal, India. In: Shit, P.K., 
Pourghasemi, H.R., Bhunia, G.S., Das, P., Narsimha, A. 
(eds) Geospatial Technology for Environmental Hazards. 
Advances in Geographic Information Science. Springer, 
Cham. https:// doi. org/ 10. 1007/ 978-3- 030- 75197-5_6

GIWR (Guidelines for implementing Wetlands (Conservation 
and Management) Rules). (2017). Ministry of Environ-
ment, Forest and Climate Change, Government of India, 
1–51. https:// moef. gov. in/ wp- conte nt/ uploa ds/ 2020/ 01/ 
final- versi on- and- print ed- wetla nd- guide lines- rules- 2017- 
03. 01. 20. pdf

Goswami, B. N., Venugopal, V., Sengupta, D., Madhu-
soodanan, M. S., & Xavier, P. K. (2006). Increasing trend 
of extreme rain events over India in a warming environ-
ment. Science, 314, 1442–1445. https:// doi. org/ 10. 1126/ 
scien ce. 11320 27

Gudhka, C. R., Bhandari, S. S., Morankar, P. S., & Badade, 
A. D. (2021). Mumbai floods- Case study on floods in 
reclaimed city. International Journal of Creative Research 
Thoughts, 9(7), 234–241. https:// ijcrt. org/ papers/ IJCRT 
21071 49. pdf

Guhathakurta, P., & Rajeevan, M. (2008). Trends in rainfall 
pattern over India. International Journal of Climatology, 
28, 1453–1469. https:// doi. org/ 10. 1002/ joc. 1640

Gupta, K. (2007). Urban flood resilience planning and man-
agement and lessons for the future: A case study of 
Mumbai. India. Urban Water Journal, 4(3), 183–194. 
https:// doi. org/ 10. 1080/ 15730 62070 14641 41

Hallegatte, S., Green, C., Nicholls, R. J., & Corfem-Morlot, 
J. (2013). Future flood losses in major coastal cities. 
Nature Climate Change, 3, 802–806. https:// doi. org/ 10. 
1038/ nclim ate19 79

Hallegatte, S. et  al. (2010). Flood risks, climate change 
impacts and adaptation benefits in Mumbai: An initial 
assessment of socio-economic consequences of present 

https://doi.org/10.25303/1601da01013
https://doi.org/10.25303/1601da01013
https://doi.org/10.7282/T3G44Q2X
https://doi.org/10.7282/T3G44Q2X
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.183.7856&rep=rep1&type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.183.7856&rep=rep1&type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.183.7856&rep=rep1&type=pdf
https://doi.org/10.1016/j.scitotenv.2018.10.064
https://doi.org/10.1016/j.scitotenv.2018.10.064
https://doi.org/10.1016/j.asr.2019.12.003
https://doi.org/10.1007/s11269-010-9718-5
https://doi.org/10.1007/s11269-010-9718-5
https://drive.google.com/file/d/1fItAQZ3qPsNEFe4bsq24orbWqRHPp6d3/view
https://drive.google.com/file/d/1fItAQZ3qPsNEFe4bsq24orbWqRHPp6d3/view
https://doi.org/10.1016/j.jag.2005.05.001
https://doi.org/10.1016/j.jag.2005.05.001
https://doi.org/10.5194/hess-22-373-2018
https://doi.org/10.1007/s00254-001-0454-2
https://doi.org/10.1007/s00254-001-0454-2
https://www.researchgate.net/profile/ManuchehrFarajzadeh/publication/3962997_Flood_susceptibility_zonation_of_drainage_basins_using_remote_sensing_and_GIS_case_study_area_Gaveh_RodIran/links/55dac41b08aeb38e8a8a1f76/Flood-susceptibility-zonation-of-drainage-basins-using-remote-sensing-and-GIS-case-study-area-Gaveh-Rod-Iran.pdf
https://www.researchgate.net/profile/ManuchehrFarajzadeh/publication/3962997_Flood_susceptibility_zonation_of_drainage_basins_using_remote_sensing_and_GIS_case_study_area_Gaveh_RodIran/links/55dac41b08aeb38e8a8a1f76/Flood-susceptibility-zonation-of-drainage-basins-using-remote-sensing-and-GIS-case-study-area-Gaveh-Rod-Iran.pdf
https://www.researchgate.net/profile/ManuchehrFarajzadeh/publication/3962997_Flood_susceptibility_zonation_of_drainage_basins_using_remote_sensing_and_GIS_case_study_area_Gaveh_RodIran/links/55dac41b08aeb38e8a8a1f76/Flood-susceptibility-zonation-of-drainage-basins-using-remote-sensing-and-GIS-case-study-area-Gaveh-Rod-Iran.pdf
https://www.researchgate.net/profile/ManuchehrFarajzadeh/publication/3962997_Flood_susceptibility_zonation_of_drainage_basins_using_remote_sensing_and_GIS_case_study_area_Gaveh_RodIran/links/55dac41b08aeb38e8a8a1f76/Flood-susceptibility-zonation-of-drainage-basins-using-remote-sensing-and-GIS-case-study-area-Gaveh-Rod-Iran.pdf
https://www.researchgate.net/profile/ManuchehrFarajzadeh/publication/3962997_Flood_susceptibility_zonation_of_drainage_basins_using_remote_sensing_and_GIS_case_study_area_Gaveh_RodIran/links/55dac41b08aeb38e8a8a1f76/Flood-susceptibility-zonation-of-drainage-basins-using-remote-sensing-and-GIS-case-study-area-Gaveh-Rod-Iran.pdf
https://www.researchgate.net/profile/ManuchehrFarajzadeh/publication/3962997_Flood_susceptibility_zonation_of_drainage_basins_using_remote_sensing_and_GIS_case_study_area_Gaveh_RodIran/links/55dac41b08aeb38e8a8a1f76/Flood-susceptibility-zonation-of-drainage-basins-using-remote-sensing-and-GIS-case-study-area-Gaveh-Rod-Iran.pdf
https://www.researchgate.net/profile/ManuchehrFarajzadeh/publication/3962997_Flood_susceptibility_zonation_of_drainage_basins_using_remote_sensing_and_GIS_case_study_area_Gaveh_RodIran/links/55dac41b08aeb38e8a8a1f76/Flood-susceptibility-zonation-of-drainage-basins-using-remote-sensing-and-GIS-case-study-area-Gaveh-Rod-Iran.pdf
https://doi.org/10.1111/jfr3.12563
https://doi.org/10.1016/j.enggeo.2009.12.006
https://pdfslide.net/documents/fact-finding-committee-on-Mumbai-floods-vol1.html?page=5
https://pdfslide.net/documents/fact-finding-committee-on-Mumbai-floods-vol1.html?page=5
https://doi.org/10.1002/joc.943
https://doi.org/10.1007/978-3-030-75197-5_6
https://moef.gov.in/wp-content/uploads/2020/01/final-version-and-printed-wetland-guidelines-rules-2017-03.01.20.pdf
https://moef.gov.in/wp-content/uploads/2020/01/final-version-and-printed-wetland-guidelines-rules-2017-03.01.20.pdf
https://moef.gov.in/wp-content/uploads/2020/01/final-version-and-printed-wetland-guidelines-rules-2017-03.01.20.pdf
https://doi.org/10.1126/science.1132027
https://doi.org/10.1126/science.1132027
https://ijcrt.org/papers/IJCRT2107149.pdf
https://ijcrt.org/papers/IJCRT2107149.pdf
https://doi.org/10.1002/joc.1640
https://doi.org/10.1080/15730620701464141
https://doi.org/10.1038/nclimate1979
https://doi.org/10.1038/nclimate1979


 Environ Monit Assess (2023) 195:1534

1 3

1534 Page 22 of 25

Vol:. (1234567890)

and climate change induced flood risks and of possi-
ble adaptation options. OECD Environment Working 
Papers No. 27, OECD. https:// doi. org/ 10. 1787/ 19970 
900

Hammami, S., Zouhri, L., Souissi, D., et al. (2019). Application 
of the GIS based multi-criteria decision analysis and ana-
lytical hierarchy process (AHP) in the flood susceptibil-
ity mapping (Tunisia). Arabian Journal of Geosciences, 
12, 653. https:// doi. org/ 10. 1007/ s12517- 019- 4754-9

Hasanuzzaman, M., Adhikary, P. P., Bera, B., & Shit, P. K. 
(2022). Flood vulnerability assessment using AHP and 
frequency ratio techniques. GIScience and Geo-envi-
ronmental Modelling, 91–104. https:// doi. org/ 10. 1007/ 
978-3- 030- 94544-2_6

He, F., Liu, J. Y., Zhuang, D. F., Zhang, W., & Liu, M. L. 
(2007). Assessing the effect of land use-land cover 
change on the change of urban heat island intensity. The-
oretical and Applied Climatology, 90, 217–226. https:// 
doi. org/ 10. 1007/ s00704- 006- 0273-1

Hoque, M., Tasfia, S., Ahmed, N., & Pradhan, B. (2019). 
Assessing spatial flood vulnerability at Kalapara Upazila 
in Bangladesh using an analytic hierarchy process. Sen-
sors, 19, 1302. https:// doi. org/ 10. 3390/ s1906 1302

Hughes, W. (1986). Deriving utilities using the analytic hierar-
chy process. Socio-Economic Planning Sciences, 20(6), 
393–395. https:// ideas. repec. org/a/ eee/ soceps/ v20y1 
986i6 p393- 395. html

Islam, M. M., & Sado, K. (2001). Flood damage and modeling 
using satellite remote sensing data with GIS: Case study 
of Bangladesh. In: R. Jerry et  al. ed. Remote sensing 
and hydrology (pp. 455–458). Oxford: IAHS Publica-
tion. https:// www. cabdi rect. org/ cabdi rect/ abstr act/ 20013 
152370

Jabbar, F. K., Grote, K., & Tucker, R. E. (2019). A novel 
approach for assessing watershed susceptibility using 
weighted overlay and analytical hierarchy process 
(AHP) methodology: A case study in Eagle Creek 
Watershed, USA. Environmental Science and Pollution 
Research, 26, 31981–31997. https:// doi. org/ 10. 1007/ 
s11356- 019- 06355-9

Jati, M. I. H., Suroso, S., & Santoso, P. B. (2019). Prediction 
of flood areas using the logistic regression method (case 
study of the provinces Banten, DKI Jakarta, and West 
Java). Journal of Physics Conference Series, 1367(1), 
012087. https:// doi. org/ 10. 1088/ 1742- 6596/ 1367/1/ 
012087

Kadave, P. T., Kale, A. D., & Narwade, S. (2016). Mumbai 
floods, reasons and solutions. International Journal of 
Scientific and Research Publication, 6(3), 224–228.

Kalnay, E., & Cai, M. (2003). Impact of urbanization and land-
use change on climate. Nature, 423, 528–531. https:// doi. 
org/ 10. 1038/ natur e01675

Khosravi, K., Shahabi, H., Pham, B. T., Adamowski, J., Shir-
zadi, A., Pradhan, B., Dou, J., Ly, H. B., Gr´of, G., Ho, 
H. L., Hong, H., Chapi, K., & Prakash, I. (2019). A 
comparative assessment of flood susceptibility mod-
eling using multi-criteria decision-making analysis and 
machine learning methods. Journal of Hydrology, 573, 
311–323.

Kia, M. B., Pirasteh, S., Pradhan, B., Mahmud, A. R., 
Sulaiman, W. N. A., & Moradi, A. (2012). An artificial 

neural network model for flood simulation using GIS: 
Johor River Basin, Malaysia. Environmental Earth Sci-
ences, 67(1), 251–264. https:// www. acade mia. edu/ 13774 
888/ An_ artif icial_ neural_ netwo rk_ model_ for_ flood_ 
simul ation_ using_ GIS_ Johor_ River_ Basin_ Malay sia

Korhonen, R. A., & Lewandowski, J. W. (1989). Multiple 
attribute decision making: Methods and applications. 
Lectures Notes in Economics and Mathematical Systems, 
186, 1–412. https:// pure. iiasa. ac. at/ id/ eprint/ 3476/1/ XB- 
91- 005. pdf

Kulkarni, A. T., Eldho, T. I., Rao, E. P., & Mohan, B. K. 
(2014a). An integrated flood inundation model for 
coastal urban watershed of Navi Mumbai. India. Natu-
ral Hazard, 73(2), 403–425. https:// doi. org/ 10. 1007/ 
s11069- 014- 1079-6

Kulkarni, A. T., Mohanty, J., Eldho, T. I., Rao, E. P., & Mohan, 
B. K. (2014b). A web GIS based integrated flood assess-
ment modeling tool for coastal urban watersheds. Com-
puters & Geosciences, 64, 7–14. https://dl.acm.org/
doi/https:// doi. org/ 10. 5555/ 27455 48. 27456 34

Kumar, R., Jawale, P., & Tandon, S. (2008). Economic impact 
of climate change on Mumbai, India. Regional Health 
Forum, 12, 38–42. https:// www. resea rchga te. net/ publi 
cation/ 23740 3942_ Econo mic_ impact_ of_ clima te_ 
change_ on_ Mumbai_ India

Landis, J. R., & Koch, G. G. (1977). The measurement of 
observer agreement for categorical data. Biometrics, 33, 
159–174. https:// pubmed. ncbi. nlm. nih. gov/ 843571/

Lee, S., Kim, Y. S., & Oh, H. J. (2012b). Application of a 
weights-of-evidence method and GIS to regional ground-
water productivity potential mapping. Journal of Envi-
ronmental Management, 96, 91–105. https:// doi. org/ 10. 
1016/j. jenvm an. 2011. 09. 016

Lee, M. J., Kang, J. E., & Jeon, S. (2012b). Application of fre-
quency ratio model and validation for predictive flooded 
area susceptibility mapping using GIS. Geoscience and 
Remote Sensing Symposium (IGARSS), Munich, 895–
898. https:// doi. org/ 10. 1109/ IGARSS. 2012. 63514 14

Lourenço, I. B., Beleño de Oliveira, A. K., Marques, L. S., 
Quintanilha Barbosa, A. A., Veról, A. P., Magalhães, P. 
C., & Miguez, M. G. (2020). A framework to support 
flood prevention and mitigation in the landscape and 
urban planning process regarding water dynamics. Jour-
nal of Cleaner Production, 277, 122983.

Lowry, W. P. (1977). Empirical estimation of urban effects on 
climate: A problem analysis. Journal of Applied Meteor-
ology and Climatology, 16, 129–135. https:// doi. org/ 10. 
1175/ 1520- 0450(1977) 016% 3c0129: EEOUEO% 3e2.0. 
CO;2

Mann, R., Gupta, A., Dhorde, A., & Sharma, S. (2023). 
Observed trends and coherent changes in daily rainfall 
extremes over Greater Mumbai, 1985–2020. Theoreti-
cal and Applied Climatology. https:// doi. org/ 10. 1007/ 
s00704- 022- 04354-4

Mann, R., & Gupta, A. (2022). Temporal trends of rainfall and 
temperature over two sub-divisions of Western Ghats. 
HighTech and Innovation Journal, 3, 28–42. https:// doi. 
org/ 10. 28991/ HIJ- SP2022- 03- 03

Masmoudi, M., & Habaieb, H. (1993). The performance of 
some real-time statistical flood forecasting models seen 

https://doi.org/10.1787/19970900
https://doi.org/10.1787/19970900
https://doi.org/10.1007/s12517-019-4754-9
https://doi.org/10.1007/978-3-030-94544-2_6
https://doi.org/10.1007/978-3-030-94544-2_6
https://doi.org/10.1007/s00704-006-0273-1
https://doi.org/10.1007/s00704-006-0273-1
https://doi.org/10.3390/s19061302
https://ideas.repec.org/a/eee/soceps/v20y1986i6p393-395.html
https://ideas.repec.org/a/eee/soceps/v20y1986i6p393-395.html
https://www.cabdirect.org/cabdirect/abstract/20013152370
https://www.cabdirect.org/cabdirect/abstract/20013152370
https://doi.org/10.1007/s11356-019-06355-9
https://doi.org/10.1007/s11356-019-06355-9
https://doi.org/10.1088/1742-6596/1367/1/012087
https://doi.org/10.1088/1742-6596/1367/1/012087
https://doi.org/10.1038/nature01675
https://doi.org/10.1038/nature01675
https://www.academia.edu/13774888/An_artificial_neural_network_model_for_flood_simulation_using_GIS_Johor_River_Basin_Malaysia
https://www.academia.edu/13774888/An_artificial_neural_network_model_for_flood_simulation_using_GIS_Johor_River_Basin_Malaysia
https://www.academia.edu/13774888/An_artificial_neural_network_model_for_flood_simulation_using_GIS_Johor_River_Basin_Malaysia
https://pure.iiasa.ac.at/id/eprint/3476/1/XB-91-005.pdf
https://pure.iiasa.ac.at/id/eprint/3476/1/XB-91-005.pdf
https://doi.org/10.1007/s11069-014-1079-6
https://doi.org/10.1007/s11069-014-1079-6
https://doi.org/10.5555/2745548.2745634
https://www.researchgate.net/publication/237403942_Economic_impact_of_climate_change_on_Mumbai_India
https://www.researchgate.net/publication/237403942_Economic_impact_of_climate_change_on_Mumbai_India
https://www.researchgate.net/publication/237403942_Economic_impact_of_climate_change_on_Mumbai_India
https://pubmed.ncbi.nlm.nih.gov/843571/
https://doi.org/10.1016/j.jenvman.2011.09.016
https://doi.org/10.1016/j.jenvman.2011.09.016
https://doi.org/10.1109/IGARSS.2012.6351414
https://doi.org/10.1175/1520-0450(1977)016%3c0129:EEOUEO%3e2.0.CO;2
https://doi.org/10.1175/1520-0450(1977)016%3c0129:EEOUEO%3e2.0.CO;2
https://doi.org/10.1175/1520-0450(1977)016%3c0129:EEOUEO%3e2.0.CO;2
https://doi.org/10.1007/s00704-022-04354-4
https://doi.org/10.1007/s00704-022-04354-4
https://doi.org/10.28991/HIJ-SP2022-03-03
https://doi.org/10.28991/HIJ-SP2022-03-03


Environ Monit Assess (2023) 195:1534 

1 3

Page 23 of 25 1534

Vol.: (0123456789)

through multi-criterias analysis. Water Resources Man-
agement, 7, 57–67.

MCGM, (2007). Greater Mumbai Disaster management action 
plan. Volume 1. https:// dm. mcgm. gov. in/ assets/ pdf/ Disas 
ter% 20Management%20Pla n-% 20City. pdf. Accessed 
16 June 2022

Mishra, K., & Sinha, R. (2020). Flood risk assessment in 
the Kosimegafan using multi-criteria decision analy-
sis: A hydro-geomorphic approach. Geomorphology, 
350, 106861. https:// doi. org/ 10. 1016/j. geomo rph. 2019. 
106861

Mohanty, M. M., Nithya, S., Nair, A. S., Indu, J., Ghosh, S., 
Bhatt, C. M., Rao, G. S., & Karmakar, S. (2020). Sen-
sitivity of various topographic data in flood manage-
ment: Implications on inundation mapping over large 
data-scarce regions. Journal of Hydrology, 590, 125523. 
https:// doi. org/ 10. 1016/j. jhydr ol. 2020. 125523

Mutizwa-Mangiza, N. D., Arimah, B. C., Jensen, I., Yemeru, 
E. A., & Kinyanjui, M. K. (2011). Cities and climate 
change: Global report on human settlements 2011. UN-
HABITAT, Washington, DC: United Nations Human 
Settlements Programme.

Naghibi, S. A., Pourghasemi, H. R., Pourtaghie, Z. S., & 
Rezaei, A. (2015). Groundwater qanat potential map-
ping using frequency ratio and Shannon’s entropy 
models in the Moghan Watershed. Iran. Earth Science 
Informatics, 8(1), 171–186. https:// doi. org/ 10. 1007/ 
s12145- 014- 0145-7

Nasiri, H., Yusof, M. J. M., Ali, T. A. M., & Hussein, M. K. 
B. (2019). District flood vulnerability index: Urban deci-
sion-making tool. International Journal of Environmen-
tal Science and Technology, 16, 2249–2258. https:// doi. 
org/ 10. 1007/ s13762- 018- 1797-5

NDMA. (2019). National Disaster Management Plan. National 
Disaster Management Authority, Ministry of Home 
Affairs, Government of India, 1–347. https:// ndma. gov. 
in/ sites/ defau lt/ files/ PDF/ ndmp- 2019. pdf

Ohashi, Y., & Kida, H. (2002). Local circulations developed 
in the vicinity of both coastal and inland urban areas: A 
numerical study with a mesoscale atmospheric model. 
Journal of Applied Meteorology and Climatology, 41, 
30–45. https:// doi. org/ 10. 1175/ 1520- 0450(2002) 041% 
3c0030: LCDITV% 3e2.0. CO;2

Ouma, Y. O., & Tateishi, R. (2014). Urban flood vulnerabil-
ity and risk mapping using integrated multi-parametric 
AHP and GIS: Methodological overview and case study 
assessment. Water, 6(6), 1515–1545. https:// doi. org/ 10. 
3390/ w6061 515

Ozdemir, A., & Altural, T. (2013). A comparative study of fre-
quency ratio, weights of evidence and logistic regression 
methods for landslide susceptibility mapping: Sultan 
Mountains, SW Turkey. Journal of Asian Earth Sciences, 
64, 180–197. https:// doi. org/ 10. 1016/j. jseaes. 2012. 12. 014

Pal, D. (2013). Soils of India: Historical perspective, classifi-
cation and recent advances. Current Science, 104, 1308–
1323. https:// www. resea rchga te. net/ publi cation/ 26237 
4539_ Soils_ of_ India_ histo rical_ persp ective_ class ifica 
tion_ and_ recent_ advan ces

Park, S., Choi, C., Kim, B., & Kim, J. (2013). Landslide sus-
ceptibility mapping using frequency ratio, analytic hier-
archy process, logistic regression, and artificial neural 

network methods at the Inje area, Korea. Environmental 
Earth Sciences, 68, 1443–1464. https:// doi. org/ 10. 1007/ 
s12665- 012- 1842-5

Patankar, A. (2015). The exposure, vulnerability, and ability to 
respond of poor households to recurrent floods in Mum-
bai. Policy Research Working Paper, 7481, World Bank, 
Washington, DC. http:// hdl. handle. net/ 10986/ 23434

Patwardhan, M. (2017). Case study of health and climate risks 
in informal settlements in Mumbai: A case of Deonar. 
Building Inclusive Urban Communities, Kamla Raheja 
Vidyanidhi Institute of Architecture and Environmen-
tal Studies, Mumbai, India. https:// mdl. donau- uni. ac. 
at/ binuc om/ plugi nfile. php/ 405/ mod_ page/ conte nt/ 38/ 
KRVIA_6_ K. pdf

Pemmaraju, G. (2012). Rains, drains and delays: Flood miti-
gation in Mumbai. Waterleader, 30(4), 439–442. https:// 
udri. org/ wp- conte nt/ uploa ds/ Mumbai% 20Rea der/ MR% 
2013/ 30% 20Flo od% 20Mit igati on% 20In% 20Mum bai-% 
20Rai ns,% 20Dra ins% 20And% 20Del ays_ Gautam% 
20Pem maraju. pdf

M.Plan. (2009). Managing disaster risk case study: Mumbai 
Megacity. Department of Urban Planning, School of 
Planning & Architecture, New Delhi. http:// spa. ac. in/ 
write readd ata/ Mum- Disas ter- Mgmnt- Summa ry- Report. 
pdf

Porwal, A., González-Álvarez, I., Markwitz, V., McCuaig, T. 
C., & Mamuse, A. (2010). Weights-of-evidence and 
logistic regression modeling of magmatic nickel sulfide 
prospectivity in the Yilgarn Craton, Western Australia. 
Ore Geolog Reviews, 38, 184–196. https:// doi. org/ 10. 
1016/j. orege orev. 2010. 04. 002

Pourghasemi, H. R., Moradi, H. R., & Fatemi-Aghda, S. M. 
(2013a). Landslide susceptibility mapping by binary 
logistic regression, analytical hierarchy process, and 
statistical index models and assessment of their perfor-
mances. Natural Hazard, 69, 749–779. https:// doi. org/ 10. 
1007/ s11069- 013- 0728-5

Pourghasemi, H. R., Pradhan, B., Gokceoglu, C., Mohammadi, 
M., & Moradi, H. R. (2013b). Application of weights-
of-evidence and certainty factor models and their com-
parison in landslide susceptibility mapping at Haraz 
watershed. Iran. Arabian Journal of Geosciences, 6, 
2351–2365. https:// doi. org/ 10. 1007/ s12517- 012- 0532-7

Rahmati, O., Pourghasemi, H. R., & Zeiniv, H. (2016). Flood 
susceptibility mapping using frequency ratio and 
weights-of-evidence models in the Golastan Province. 
Iran. Geocarto International, 31(1), 42–70. https:// doi. 
org/ 10. 1080/ 10106 049. 2015. 10415 59

Rajeevan, M., Bhate, J., & Jaswal, A. K. (2008). Analysis of 
variability and trends of extreme rainfall events over 
India using 104 years of gridded daily rainfall data. Geo-
physical Research Letters, 35, L18707. https:// doi. org/ 10. 
1029/ 2008G L0351 43

Rakhecha, P. R., & Pisharoty, P. R. (1996). Heavy rainfall 
during monsoon season: Point and spatial distribution. 
Current Science, 71, 177–186.

Ramazi, H., & Amini, A. (2014). Fuzzy logic application in 
compiling multi geohazards macro-zone maps; case 
study: Rahdar, 1:25,000 Quadrangle, Khuzestan. Iran. 
Arabian Journal of Geosciences, 7, 3243–3249. https:// 
doi. org/ 10. 1007/ s12517- 013- 0943-0

https://dm.mcgm.gov.in/assets/pdf/Disaster
https://dm.mcgm.gov.in/assets/pdf/Disaster
https://doi.org/10.1016/j.geomorph.2019.106861
https://doi.org/10.1016/j.geomorph.2019.106861
https://doi.org/10.1016/j.jhydrol.2020.125523
https://doi.org/10.1007/s12145-014-0145-7
https://doi.org/10.1007/s12145-014-0145-7
https://doi.org/10.1007/s13762-018-1797-5
https://doi.org/10.1007/s13762-018-1797-5
https://ndma.gov.in/sites/default/files/PDF/ndmp-2019.pdf
https://ndma.gov.in/sites/default/files/PDF/ndmp-2019.pdf
https://doi.org/10.1175/1520-0450(2002)041%3c0030:LCDITV%3e2.0.CO;2
https://doi.org/10.1175/1520-0450(2002)041%3c0030:LCDITV%3e2.0.CO;2
https://doi.org/10.3390/w6061515
https://doi.org/10.3390/w6061515
https://doi.org/10.1016/j.jseaes.2012.12.014
https://www.researchgate.net/publication/262374539_Soils_of_India_historical_perspective_classification_and_recent_advances
https://www.researchgate.net/publication/262374539_Soils_of_India_historical_perspective_classification_and_recent_advances
https://www.researchgate.net/publication/262374539_Soils_of_India_historical_perspective_classification_and_recent_advances
https://doi.org/10.1007/s12665-012-1842-5
https://doi.org/10.1007/s12665-012-1842-5
http://hdl.handle.net/10986/23434
https://mdl.donau-uni.ac.at/binucom/pluginfile.php/405/mod_page/content/38/KRVIA_6_K.pdf
https://mdl.donau-uni.ac.at/binucom/pluginfile.php/405/mod_page/content/38/KRVIA_6_K.pdf
https://mdl.donau-uni.ac.at/binucom/pluginfile.php/405/mod_page/content/38/KRVIA_6_K.pdf
https://udri.org/wp-content/uploads/Mumbai%20Reader/MR%2013/30%20Flood%20Mitigation%20In%20Mumbai-%20Rains,%20Drains%20And%20Delays_Gautam%20Pemmaraju.pdf
https://udri.org/wp-content/uploads/Mumbai%20Reader/MR%2013/30%20Flood%20Mitigation%20In%20Mumbai-%20Rains,%20Drains%20And%20Delays_Gautam%20Pemmaraju.pdf
https://udri.org/wp-content/uploads/Mumbai%20Reader/MR%2013/30%20Flood%20Mitigation%20In%20Mumbai-%20Rains,%20Drains%20And%20Delays_Gautam%20Pemmaraju.pdf
https://udri.org/wp-content/uploads/Mumbai%20Reader/MR%2013/30%20Flood%20Mitigation%20In%20Mumbai-%20Rains,%20Drains%20And%20Delays_Gautam%20Pemmaraju.pdf
https://udri.org/wp-content/uploads/Mumbai%20Reader/MR%2013/30%20Flood%20Mitigation%20In%20Mumbai-%20Rains,%20Drains%20And%20Delays_Gautam%20Pemmaraju.pdf
http://spa.ac.in/writereaddata/Mum-Disaster-Mgmnt-Summary-Report.pdf
http://spa.ac.in/writereaddata/Mum-Disaster-Mgmnt-Summary-Report.pdf
http://spa.ac.in/writereaddata/Mum-Disaster-Mgmnt-Summary-Report.pdf
https://doi.org/10.1016/j.oregeorev.2010.04.002
https://doi.org/10.1016/j.oregeorev.2010.04.002
https://doi.org/10.1007/s11069-013-0728-5
https://doi.org/10.1007/s11069-013-0728-5
https://doi.org/10.1007/s12517-012-0532-7
https://doi.org/10.1080/10106049.2015.1041559
https://doi.org/10.1080/10106049.2015.1041559
https://doi.org/10.1029/2008GL035143
https://doi.org/10.1029/2008GL035143
https://doi.org/10.1007/s12517-013-0943-0
https://doi.org/10.1007/s12517-013-0943-0


 Environ Monit Assess (2023) 195:1534

1 3

1534 Page 24 of 25

Vol:. (1234567890)

Ramesh, V., & Iqbal, S. S. (2020). Urban flood susceptibility 
zonation mapping using evidential belief function, fre-
quency ratio and fuzzy gamma operator models in GIS: 
a case study of Greater Mumbai, Maharashtra, India. 
Geocarto International. https:// doi. org/ 10. 1080/ 10106 
049. 2020. 17304 48

Ranger, N., et  al. (2011). An assessment of the potential 
impact of climate change on flood risk in Mumbai. Cli-
mate Change, 104, 139–167. https:// doi. org/ 10. 1007/ 
s10584- 010- 9979-2

Rao, M., Sastry, S. V. C., Yadar, P. D., Kharod, K., Pathan, 
S. K., Dhinwa, P. S., Majumdar, K. L., Sampat, K. 
D., Patkar, V. N., & Phatak, V. K. (1991). A weighted 
index model for urban suitability assessment – A GIS 
approach. Bombay, Bombay Metropolitan Regional 
Development Authority, Mumbai.

Ravan, S.V. (2014). Impact of LPG on Indian Economy. 
Prime International Research Journal, 1(4), 21–33. 
https:// www. resea rchga te. net/ publi cation/ 29962 3274_ 
Impact_ of_ LPG_ on_ Indian_ Econo my

Regmi, A. D., Devkota, K. C., Yoshida, K., Pradhan, B., 
Pourghasemi, H. R., Kumamoto, T., & Akg, A. (2014). 
Application of frequency ratio, statistical index, and 
weights-of-evidence models and their comparison 
in landslide susceptibility mapping in Central Nepal 
Himalaya. Arabian Journal of Geosciences, 7, 725–
742. https:// doi. org/ 10. 1007/ s12517- 012- 0807-z

Reshma, R. P., & Deepankar, C. (2015). Vulnerability map-
ping for disaster assessment using ArcGIS tools and 
techniques for Mumbai City, India. 16th ESRI India User 
Conference. http:// www. esri. in/ media/ esrii ndia/ files/ pdfs/ 
events/ uc2015/ proce edings/ papers/ UCP062. pdf.

Rosenzweig, C., Karoly, D., Vicarelli, M., Neofotis, P., Wu, Q., 
Casassa, G., Menzel, A., Root, T. L., Estrella, N., Seguin, 
B., Tryjanowski, P., Liu, C., Rawlins, S., & Imeson, A. 
(2008). Attributing physical and biological impacts to 
anthropogenic climate change. Nature, 453(7193), 353–
357. https:// doi. org/ 10. 1038/ natur e06937

Ross, C. W., Prihodko, L., Anchang, J. Y., Kumar, S. S., Ji, W., 
& Hanan, N. P. (2018). Global hydrologic soil groups 
(HYSOGs250m) for curve number-based runoff mod-
eling. Oak Ridge, TN: ORNL DAAC. https:// doi. org/ 10. 
3334/ ORNLD AAC/ 1566

Roy, S., Bose, A., & Chowdhury, I. R. (2021). Flood risk 
assessment using geospatial data and multi-criteria deci-
sion approach: A study from historically active flood-
prone region of Himalayan foothill. India. Arabian Jour-
nal of Geosciences, 14, 999. https:// doi. org/ 10. 1007/ 
s12517- 021- 07327-8

Saaty, T. (1977). A scaling method for priorities in hierarchical 
structures. Journal of Mathematical Psychology, 15(3), 
234–281. https:// doi. org/ 10. 1016/ 0022- 2496(77) 90033-5

Saaty, T. L., & Vargas, L. G. (1991). Prediction, projection and 
forecasting, Kluwer Academic Publishers, Dordrecht 
251. https:// doi. org/ 10. 1007/ 978- 94- 015- 7952-0

Saaty, T. (1980). The analytic hierarchy process, New York, 
McGraw-Hill, USA. https:// www. scirp. org/ (S(lz5mq 
p453e dsnp5 5rrgj ct55))/ refer ence/ Refer ences Papers. 
aspx? Refer enceID= 19439 82

Sahana, M., Dutta, S., & Sajjad, H. (2018). Assessing land 
transformation and its relation with land surface 

temperature in Mumbai city, India using geospatial tech-
niques. International Journal of Urban Sciences. https:// 
doi. org/ 10. 1080/ 12265 934. 2018. 14886 04

Sahoo, A., Samantaray, S., Bankuru, S., & Ghose, D. (2020). 
Prediction of flood using adaptive neuro-fuzzy inference 
systems: A case study. In :Smart Intelligent Computing 
and Applications, https:// doi. org/ 10. 1007/ 978- 981- 13- 
9282-5_ 70

Sarkar, D., & Mondal, P. (2020). Flood vulnerability map-
ping using frequency ratio (FR) model: A case study 
on Kulik river basin Indo-Bangladesh Barind Region. 
Applied Water Science, 10, 17. https:// doi. org/ 10. 1007/ 
s13201- 019- 1102-x

Sarkar, L.H. (2017). Mangroves in Mumbai. International Jour-
nal of Creative Research Thoughts, 5(4), 1487–1488. 
https:// www. ijcrt. org/ papers/ IJCRT 17041 93. pdf

Schmold, D. L., Kangas, J., Mendoza, G., & Pesonen, M. 
(2001). The Analytic Hierarchy Process in Natural 
Resource and Environmental Decision Making. https:// 
doi. org/ 10. 1007/ 978- 94- 015- 9799-9

Shafapour, T. M., Pradhan, B., & Jebur, M. N. (2013). Spatial 
prediction of flood susceptible areas using rule based 
decision tree (DT) and a novel ensemble bivariate and 
multivariate statistical models in GIS. Journal of Hydrol-
ogy, 504, 69–79. https:// doi. org/ 10. 1016/j. jhydr ol. 2013. 
09. 034

Shukla, K. (2009). Disaster & development. Journal of the 
National Institute of Disaster Management, New Delhi, 
3(2), 1–186. https:// nidm. gov. in/ PDF/ Journ al/ Journ al200 
92. pdf

Siddiqui, M. Z., Everett, J. W., & Vieux, B. E. (1996). Landfill 
siting using Geographic Information Systems: A demon-
stration, Journal of Environmental Engineering, 122(6), 
515–523. https:// www. scien cebase. gov/ catal og/ item/ 
50535 5a4e4 b097c d4fcd 29f6

Singh, D. (2022). Causes, impacts, risk and mitigation of 
Urban Flood Management in India. International Centre 
for Environment Audit and Sustainable Development 
(iCED), Jaipur, India. https:// iced. cag. gov. in/ wp- conte nt/ 
uploa ds/ Serie s2. pdf

Starr, M. K., & Zeleny, M. (1978). Multiple criteria decision 
making. Technometrics, 20, 105. https:// doi. org/ 10. 2307/ 
12681 69

Stecko, S., & Barber, N. (2007). Exposing vulnerabilities: 
Monsoon floods in Mumbai, India. Case study prepared 
for Revisiting Urban Planning: Global Report on Human 
Settlements 2007, 3–14. http:// www. unhab itat. org/ grhs/ 
2007

Subbarayan, S., & Sivaranjani, S. (2020). Modelling of flood 
susceptibility based on GIS and analytical hierarchy pro-
cess—A case study of Adayar River Basin, Tamilnadu, 
India. In I. Pal, J. von Meding, S. Shrestha, I. Ahmed, 
& T. Gajendran (Eds.), An Interdisciplinary Approach 
for Disaster Resilience and Sustainability (pp. 91–110). 
Springer.

Taromideh, F., Fazloula, R., Choubin, B., Emadi, A., & 
Berndtsson, R. (2022). Urban flood-risk assessment: 
Integration of decision-making and machine learning. 
Sustainability, 14(8), 4483. https:// doi. org/ 10. 3390/ su140 
84483

https://doi.org/10.1080/10106049.2020.1730448
https://doi.org/10.1080/10106049.2020.1730448
https://doi.org/10.1007/s10584-010-9979-2
https://doi.org/10.1007/s10584-010-9979-2
https://www.researchgate.net/publication/299623274_Impact_of_LPG_on_Indian_Economy
https://www.researchgate.net/publication/299623274_Impact_of_LPG_on_Indian_Economy
https://doi.org/10.1007/s12517-012-0807-z
http://www.esri.in/media/esriindia/files/pdfs/events/uc2015/proceedings/papers/UCP062.pdf
http://www.esri.in/media/esriindia/files/pdfs/events/uc2015/proceedings/papers/UCP062.pdf
https://doi.org/10.1038/nature06937
https://doi.org/10.3334/ORNLDAAC/1566
https://doi.org/10.3334/ORNLDAAC/1566
https://doi.org/10.1007/s12517-021-07327-8
https://doi.org/10.1007/s12517-021-07327-8
https://doi.org/10.1016/0022-2496(77)90033-5
https://doi.org/10.1007/978-94-015-7952-0
https://www.scirp.org/(S(lz5mqp453edsnp55rrgjct55))/reference/ReferencesPapers.aspx?ReferenceID=1943982
https://www.scirp.org/(S(lz5mqp453edsnp55rrgjct55))/reference/ReferencesPapers.aspx?ReferenceID=1943982
https://www.scirp.org/(S(lz5mqp453edsnp55rrgjct55))/reference/ReferencesPapers.aspx?ReferenceID=1943982
https://doi.org/10.1080/12265934.2018.1488604
https://doi.org/10.1080/12265934.2018.1488604
https://doi.org/10.1007/978-981-13-9282-5_70
https://doi.org/10.1007/978-981-13-9282-5_70
https://doi.org/10.1007/s13201-019-1102-x
https://doi.org/10.1007/s13201-019-1102-x
https://www.ijcrt.org/papers/IJCRT1704193.pdf
https://doi.org/10.1007/978-94-015-9799-9
https://doi.org/10.1007/978-94-015-9799-9
https://doi.org/10.1016/j.jhydrol.2013.09.034
https://doi.org/10.1016/j.jhydrol.2013.09.034
https://nidm.gov.in/PDF/Journal/Journal20092.pdf
https://nidm.gov.in/PDF/Journal/Journal20092.pdf
https://www.sciencebase.gov/catalog/item/505355a4e4b097cd4fcd29f6
https://www.sciencebase.gov/catalog/item/505355a4e4b097cd4fcd29f6
https://iced.cag.gov.in/wp-content/uploads/Series2.pdf
https://iced.cag.gov.in/wp-content/uploads/Series2.pdf
https://doi.org/10.2307/1268169
https://doi.org/10.2307/1268169
http://www.unhabitat.org/grhs/2007
http://www.unhabitat.org/grhs/2007
https://doi.org/10.3390/su14084483
https://doi.org/10.3390/su14084483


Environ Monit Assess (2023) 195:1534 

1 3

Page 25 of 25 1534

Vol.: (0123456789)

Tehrany, M. S., & Kumar, L. (2018). The application of a 
Dempster–Shafer-based evidential belief function in 
flood susceptibility mapping and comparison with fre-
quency ratio and logistic regression methods. Environ-
mental Earth Sciences, 77(13), 490. https:// agris. fao. org/ 
agris- search/ search. do? recor dID= US201 80034 9302

Tehrany, M. S., Pradhan, B., & Jebur, M. N. (2014). Flood 
susceptibility mapping using a novel ensemble weights-
of-evidence and support vector machine models in GIS. 
Journal of Hydrology, 512, 332–343. https:// www. acade 
mia. edu/ 30723 757/ Flood_ susce ptibi lity_ mappi ng_ 
using_a_ novel_ ensem ble_ weigh ts_ of_ evide nce_ and_ 
suppo rt_ vector_ machi ne_ models_ in_ GIS

Termeh, S. V. R., Kornejady, A., Poughasemi, H. R., & 
Keesstra, S. (2018). Flood susceptibility mapping using 
novel ensembles of adaptive neuro fuzzy inference sys-
tem and metaheuristic algorithms. Science of the Total 
Environment, 615, 438–451. https:// doi. org/ 10. 1016/j. 
scito tenv. 2017. 09. 262

Veerappan, R., & Sayed, S. I. (2020). Urban flood suscepti-
bility zonation mapping using evidential belief func-
tion, frequency ratio and fuzzy gamma operator models 
in GIS: A case study of Greater Mumbai. Maharashtra, 
India, Geocarto International,. https:// doi. org/ 10. 1080/ 
10106 049. 2020. 17304 48

Wahab, A. M., & Norasikin, A. L. (2018). Flood vulnerabil-
ity assessment using artificial neural networks in Muar 
Region, Johor Malaysia. IOP Conference Series Earth 
and Environmental Science, 169(1), 012056. https:// doi. 
org/ 10. 1088/ 1755- 1315/ 169/1/ 012056

Yeon, Y. K., Han, J. G., & Ryu, K. H. (2010). Landslide sus-
ceptibility mapping in Injae, Korea, using a decision 
tree. Engineer Geolog, 116, 274–283. https:// doi. org/ 10. 
1016/j. enggeo. 2010. 09. 009

Young, K. (2006). Application of the analytic hierarchy pro-
cess optimization algorithm in best management prac-
tice selection. Virginia Polytechnic Institute and State 
University.

Young, K., Dymond, R., & Kibler, D. (2011). Development 
of an improved approach for selecting storm-water best 
management practices. Journal of Water Resources Plan-
ning and Management, 137, 268–275. https:// doi. org/ 10. 
1061/ (ASCE) WR. 1943- 5452. 00001 10

Young, K., Kibler, D., Benham, B., & Loganathan, G. (2009). 
Application of the analytical hierarchical process for 
improved selection of storm water BMPs. Journal of Water 
Resources Planning and Management, 135(4). https:// doi. 
org/ 10. 1061/ (ASCE) 0733- 9496(2009) 135: 4(264)

Zare, M., Pourghasemi, H. R., Vafakhah, M., & Pradhan, B. 
(2013). Landslide susceptibility mapping at Vaz watershed 
(Iran) using an artificial neural network model: A compari-
son between multilayer perceptron (MLP) and radial basic 
function (RBF) algorithms. Arabian Journal of Geosciences, 
6, 2873–2888. https:// doi. org/ 10. 1007/ s12517- 012- 0610-x

Zimmermann, T., Shinde, S., Parthasarathy, D., & Narayanan, 
N. C. (2023). Linking climate change adaptation and dis-
aster risk reduction: Reconceptualizing flood risk gov-
ernance in Mumbai. Journal of Integrative Environmen-
tal Sciences, 20(1), 1–29. https:// doi. org/ 10. 1080/ 19438 
15X. 2023. 21697 12

Zope, P. E., Eldho, T. I., & Jothiprakash, V. (2015). Impacts of 
urbanization on flooding of a coastal urban catchment: A 
case study of Mumbai City. India. Natural Hazard, 75(1), 
887–908. https:// doi. org/ 10. 1007/ s11069- 014- 1356-4

Zope, P. E., Eldho, T. I., & Jothiprakash, V. (2017). Hydrologi-
cal impacts of land use–land cover change and detention 
basins on urban flood hazard: A case study of Poisar 
River basin, Mumbai. India. Natural Hazard, 87(3), 
1267–1283. https:// doi. org/ 10. 1007/ s11069- 017- 2816-4

Zou, Q., Zhou, J., Zhou, C., Song, L., & Guo, J. (2013). Com-
prehensive flood risk assessment based on set pair analy-
sis-variable fuzzy sets model and fuzzy AHP. Stochastic 
Environmental Research and Risk Assessment, 27, 525–
546. https:// doi. org/ 10. 1007/ s00477- 012- 0598-5

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing 
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement 
and applicable law.

https://agris.fao.org/agris-search/search.do?recordID=US201800349302
https://agris.fao.org/agris-search/search.do?recordID=US201800349302
https://www.academia.edu/30723757/Flood_susceptibility_mapping_using_a_novel_ensemble_weights_of_evidence_and_support_vector_machine_models_in_GIS
https://www.academia.edu/30723757/Flood_susceptibility_mapping_using_a_novel_ensemble_weights_of_evidence_and_support_vector_machine_models_in_GIS
https://www.academia.edu/30723757/Flood_susceptibility_mapping_using_a_novel_ensemble_weights_of_evidence_and_support_vector_machine_models_in_GIS
https://www.academia.edu/30723757/Flood_susceptibility_mapping_using_a_novel_ensemble_weights_of_evidence_and_support_vector_machine_models_in_GIS
https://doi.org/10.1016/j.scitotenv.2017.09.262
https://doi.org/10.1016/j.scitotenv.2017.09.262
https://doi.org/10.1080/10106049.2020.1730448
https://doi.org/10.1080/10106049.2020.1730448
https://doi.org/10.1088/1755-1315/169/1/012056
https://doi.org/10.1088/1755-1315/169/1/012056
https://doi.org/10.1016/j.enggeo.2010.09.009
https://doi.org/10.1016/j.enggeo.2010.09.009
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000110
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000110
https://doi.org/10.1061/(ASCE)0733-9496(2009)135:4(264
https://doi.org/10.1061/(ASCE)0733-9496(2009)135:4(264
https://doi.org/10.1007/s12517-012-0610-x
https://doi.org/10.1080/1943815X.2023.2169712
https://doi.org/10.1080/1943815X.2023.2169712
https://doi.org/10.1007/s11069-014-1356-4
https://doi.org/10.1007/s11069-017-2816-4
https://doi.org/10.1007/s00477-012-0598-5

	Mapping flood vulnerability using an analytical hierarchy process (AHP) in the Metropolis of Mumbai
	Abstract 
	Introduction
	Study area
	Database and methodology
	Database
	Methodology
	Producing maps of flood influencing factors
	Description and order of influencing parameters

	Rainfall
	Slope
	LULC
	Vicinity to sewers and storm water drainage
	Vicinity to natural drainage
	Vegetation cover
	Soil type
	Application of AHP to evaluate the parameters’ weight

	Construction of a pair-wise comparison matrix
	Standardised pair-wise comparison matrix
	Computing consistency ratio

	Results and discussion
	Relationship between flood-triggering parameters and flood locations
	Ward-wise analysis of flood locations
	Vulnerability analysis
	Discussion

	Conclusion
	Acknowledgements 
	Anchor 28
	References


