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Abstract 

Climate Change (CC) is one of the most challenging problems of today which need to be understood. 

Climate change impact studies at the urban centers are the need of the hour.  Mumbai is one of the 

most vulnerable port cities in the World and one of the most densely populated cities in the world. 

The city is vulnerable to climate change induced hazards, including sea level rise, storm surge, 

flooding, and coastal erosion. In this study, it is tried to do the spatial integration of vulnerability 

from these hazards to portray the overall climate change-induced impacts in Mumbai city. This study 

portraits the overall vulnerability of the Mumbai megacity, considering SLR, long-term coastal 

erosion, and flooding. This integrated vulnerability assessment reveals that 123.35 sq.km (24%) of 

the Mumbai regions are demarcated as composite vulnerable regions.  They are mostly around the 

coastal tracts. Within the vulnerable regions, inland flood-affected areas from the past floods area are 

37.13 sq.km, which is around 30 % of the demarcated most vulnerable regions. Remaining 

vulnerable areas are falling in built up, barren, forest, vegetation, and mangrove regions.  The most 

worrying impact would be in the 44 sq.km of the built-up areas, which is around 35% of the 

vulnerable regions. It pulls the city to one of the most vulnerable cities of the world due to the 

exposure of the higher population.  Rest of all the classes can cope up as they are naturally covered, 

not covered, and the human population is not residing over those regions currently. Since the city is 

expanding rapidly, other LULC classes apart from built-up land have to be converted based on the 

need. Available barren land can be kept for rehabilitation in the future.  This study provides vital 

information about the climate change induced vulnerability of Mumbai city.  

Keywords: Climate change, Mumbai, sea level rise, erosion, remote sensing. 

 

 

 

 

 

 

 

 

 

 

 

 



2 

 

1 Introduction 

As the days are passing, it is getting more evident that the impacts of climate change are a real threat 

not only to humanity but even the existence of life on Earth. Since climate change impacts vary in 

different ways, it is necessary to understand the vulnerability with a multi-disciplinary approach. 

Geospatial techniques are efficient to understand the spatial vulnerabilities. Coastal megacities will 

be the prior victims of climate change.  Sea level rise (SLR), vanishing Green land ice sheets, 

temperature rise, frequent forest fires, droughts, bleaching of coral reefs, super storms, intense 

cyclones, frequent floods & change in seasons are some of the visible & direct impacts. Scientists 

started predicting the extinction scenarios of lives on Earth due to climate change (Crick 2004; 

Thomas et al. 2004; Hoegh-Guldberg et al. 2007; Le Conte and Navajas 2008). Since the impacts of 

climate change are getting severe and frequent than the usual, it is becoming more explicit about the 

necessity of climate change control and mitigations.  Household food security index under IPCC 

dimension of climate change was analysed using principal component analysis for Odisha (Sam A.S 

et al. 2018).   

Climate change can cause global as well as local impacts. Coastal cities will be prior victims of the 

climate change impacts since climate change in coastal regions can affect huge population. The high 

population in the coastal zones makes coastal cities more vulnerable than in inland regions. De 

Sherbinin et al. (2007) identified the most vulnerable global cities due to climate change effects, and 

India has many vulnerable hotspots. At this juncture, it is important to understand the impacts 

associated with climate change to know the extent of the vulnerability in each mega coastal city. It 

would help in proper planning to prepare for it as well as to device the mitigation measures.   Hanson 

et al. (2011) studied climate change extremes in world port cities and identified Mumbai is the 

riskiest city because of its highest population exposed to climate change. However, that study did not 

specify in particular, the vulnerable areas spatially within the Mumbai city.  

Mumbai city, the financial capital of India, was just seven isolated islets as Isle of Bombay, Mahim, 

Colaba, Parel, Mazagon, Worli, and Little Colaba (Fig 1). These islets were merged into a single 

large land mass by reclaiming from the sea. The seven islands, as well as the Salsette Island in the 

north of Mumbai, were home for just 10,000 people in the mid-seventeenth century while it is 

inhabited presently by more than twelve million people. The continuous increase in the population 

made the city as one of the most densely populated cities in the world.  

Mumbai city was a definite encroachment to natural phenomena which was made to become a place 

for millions of people.  The major threats to the city are coastal flooding due to SLR and storm 
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surges. Mumbai is also facing the problem of coastal erosion. Tirkey et al. (2005) pointed out the 

shoreline changes and the eroding coastal regions in some parts of the Mumbai coast. Zope et al. 

(2014) studied the flood vulnerability in different return period intensities and influences of 

urbanisation on flooding. Long-term tide gauge data were used to identify the relative SLR trends 

(Shankar and Shetye 1999; Unnikrishnan and Shankar 2007). Church and White (2011) have 

estimated around 3.2mm/yr SLR on the 21st century, and the rate would increase in future. If the SLR 

trend continues as per the previous study, more than 60 cm of sea level will undoubtedly increase 

than today’s mean sea level in the next 100 years.  Shaji et al. (2014) estimated 1.5 m surge 

amplitude and 4.5 m maximum water level from the detailed storm surge studies. In a hypothetical 

scenario, future SLR in addition to surge conditions at Mumbai would be devastating. The objective 

of this study is to find out the probable coastal flooding areas for a value of 1 m rise in water level 

which may happen as per the estimated SLR trend and when storm surge strikes the city. If that 

happens, the loss will be beyond the imagination and will  harm the normal life. The efficiency of the 

Geographic Information System (GIS) and remote sensing techniques are utilised in many studies for 

the integration of spatial entities (Mahendra et al. 2011; Mani Murali et al. 2013; Sankari et al. 

2015). Even though Mumbai is found to be one of the most vulnerable coastal cities in the world, no 

significant studies are stating the vulnerability of the Mumbai megacity spatially for the considered 

situation. This study portraits the vulnerability of the Mumbai megacity because of coastal flooding. 

The probable coastal inundation regions were estimated up to the 1 m water level rise. This 1 m rise 

may be assumed value combined with SLR and an unpredicted surge at the same time in future. 
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Fig. 1 Study area 
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2 Data & Methodology 

A composite vulnerability assessment was done for Mumbai city by considering the erosion spots 

from shoreline change analysis, Land Use / Land Cover (LULC), Digital Elevation Model (DEM), 

and past flood occurred regions.  One meter low lands adjoining the sea and creek side were 

demarcated from DEM. Land use/land cover (LULC) map is used to understand how this 

vulnerability will affect different LULC classes. All the vulnerability regions are overlaid on a single 

map sheet using  GIS software. The derived composite vulnerability includes SLR of 1m, coastal 

erosion and the flood patches identified from the 26 July 2005 flood.  

The vulnerability assessment was carried out by considering equal importance to all the parameters. 

In this study, more weightage to some parameter and less to some other was not given as all 

considered parameters are equally important. All the regions which were affected by each parameter 

were given equal importance and considered in arriving final spatial vulnerability map of Mumbai 

city.  Many studies were carried out to derive the vulnerability index. In that methodology, some 

areas become less vulnerable, and some areas become more. In this study, it was indented to 

categorise the vulnerable areas rather demarcate all the possible vulnerable areas spatially. This study 

proposed this unique methodology by considering all parameters equally important; hence, very few 

inevitable parameters were used.  Details of data used are provided below.  

2.1 Coastal erosion spots: 

Shoreline can be defined as an imaginary boundary which discriminates water and land on a coast. 

The shorelines are manually digitised from satellite imagery by on-screen digitising. Table 1 shows 

the details of satellite images used for shoreline digitisation. Tide height at the time of satellite image 

acquisition is calculated using the WXTide software. Datasets with a similar tidal condition are 

preferred for the study to reduce the uncertainty from the different tidal conditions. Digital Shoreline 

Analysis System (DSAS) is a plug-in developed by USGS for ESRI ArcGIS product (Thieler et al. 

2009). DSAS has proved its efficiency in many of the shoreline and other boundary change studies 

worldwide (Appeaning Addo et al. 2011; Cowart et al. 2011; Murali et al. 2015). Endpoint rate 

(EPR) statistics method was used in this study to compute the shoreline change rate since there are 

multiple shoreline inputs. Coastal erosion spots which are susceptible to higher damage due to SLR 

was identified and included in preparing the composite vulnerability map.  
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Table 1 Details of satellite images used for shoreline extraction 

Date Sensor Spatial resolution (m) 

1972/01/11 MSS 68 x 83 

1977/02/20 MSS 68 x 83 

1991/01/07 TM 30 x 30 

1998/03/15 TM 30 x 30 

1999/01/13 TM 30 x 30 

2000/02/15 ETM+ 30 x 30 

2001/03/31 ETM+ 30 x 30 

2002/03/02 ETM+ 30 x 30 

2003/03/05 ETM+ 30 x 30 

2005/12/07 ETM+ 30 x 30 

2009/12/10 TM 30 x 30 

2011/01/14 TM 30 x 30 

2013/04/25 OLI 30 x 30 

2014/03/27 OLI 30 x 30 

2015/01/09 OLI 30 x 30 

 

2.2 Landuse/land cover (LULC) 

Landsat 8 OLI satellite image of 2015 was used for the LULC classification. Level-2 National 

Remote Sensing Center (NRSC) classification system was followed for the final LULC. The 

classification contains 13 classes such as built-up land, aquatic vegetation, barren land, cropland/ 

grassland, fallow land, forest, mangroves, marshy land, mudflats, salt pan, sand, vegetation & water. 

It was done by supervised classification method taking around 100 training sites for each class, and 

manual re-coding was done for further improvement. The field visit was conducted in the study area, 

and 53 sample points were taken for the validation of the classification.  

2.3 Digital Elevation Model 

Shuttle Radar Topographic Mission (SRTM) 1 arc second Digital elevation model (DEM) was used 

as the source data for the SLR related inundation mapping. DEM sinks are filled to increase the 

quality of the DEM by avoiding false voids. One meter contours were extracted from the DEM. Only 

the first contour of the outer water body is considered for the study because the inundation will occur 
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from the sea/creek to the land region; thus; it will not cross the first contour line. Rest of the contours 

were removed, and the selected contours are joined properly to make a single contour representing 

the true line of inundation. Contour lines of 1m contours are constructed representing the inundation 

limit of SLR scenario.  

2.4 Flood inundation 

Mumbai megacity experienced one of the worst floods on 26 July 2005 flood. Rainfall of 994mm in 

24 hrs time caused a disastrous situation. Even though this rainfall is one of the highest ever in this 

city, there are many factors which enhanced the impact of the hazard. The unplanned urbanisation 

and the poor management of the city were discussed as a major cause of the high impact of the 

flooding (Bhagat et al. 2006; Ranger et al. 2011). (Gupta 2007) had reviewed the flooding event, the 

background of this flooding and the actions taken by this event. The flooded regions map developed 

by Government of Maharashtra, 2006 was used to represent the flooded regions. This map was geo-

referenced properly before digitising the flood-affected regions from flooding. These flooded regions 

were considered in addition to coastal inundation spots to derive the composite vulnerable regions of 

Mumbai.  

3 Results & discussion 

3.1 Land use/land cover 

Fig 2 shows the LULC of Mumbai city in 2015. One major specialty of the city is abundant in the 

build-up as well as the mangrove regions. As a city grows thick & wide, usually the forest cover 

reduces drastically. Even though reports are proving a decline in the vegetation cover in Mumbai city 

(Samant and Subramanyan 1998; Shafizadeh Moghadam and Helbich 2013; Vaz 2014), much area is 

kept untouched from nature’s way. Sanjay Gandhi national park & mangrove around creeks are good 

examples for that. The accuracy of the classification attained by cross-checking with the sample 

ground points is 98.28%. 
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Fig. 2 LULC map of the study area 
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3.2 Erosion 

The erosion rate was calculated by analysing 15 shorelines from different years between 1972 and 

2015. From Fig 3, it is clear that the northwest beaches are under high erosion. Juhu beach is found 

to be a critical spot since the entire beach undergoes prominent erosion. The maximum erosion EPR 

rate found is 10.2 m/yr. A total of 2.39 sq.km of the area is eroded in 43 years. The erosion spots 

were put in the composite vulnerability as they are potential sites for accelerating the damages by 

SLR triggered inundation. Details of morphological changes of Mumbai city is under preparation as 

a manuscript concentrating only the shoreline changes occurred in the past few decades. These 

eroding coasts are signatures of permanent loss of land which might be due to SLR and is still not 

quantified. In this study, almost four decades of satellite images were used to extract the erosion 

spots. Erosion is a local indicator of regional or global phenomena. Eroding regions are spots which 

may be facing accelerated damage, hence erosion study was carried out, and we strongly believe that 

climate change role is there in triggering the erosion.     
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Fig. 3 Eroding coasts  

3.3 Sea level rise 

SLR scenario of 1m is presented in Fig 4. One meter of SLR can cause submergence of 

approximately 86.22 sq.km. North-west region is the most vulnerable region in this scenario. The 

high altitude land portions near Mira bhayandar can get almost isolated from other lands by SLR. 
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The major two waste dumping spots are Deonar dumping spot & in Mulund may increase pollution 

threat if connected under SLR conditions.   

 

Fig. 4 Probable inundation regions of 1m SLR  
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It is clear that the mangrove systems can have direct higher impacts from this. More than three sq.km 

of mangrove regions are exposed to SLR. Also, it is observed that more than 43 sq.km of built-up 

regions are also exposed. Most of the exposed built-up are concentrated in the Mira bhayandar 

region, where the inundation can cause land isolation. This could make the conditions worse due to 

the possible difficulties on the mitigation actions and can create more impact near Mira bhayandar 

regions.  

Mumbai city alone produces around 6.11% of the total waste produced in India. Approximately 9600 

tons of waste is collected every day from the city (Bhalerao 2016). The treatment plants in this 

dumping spots can manage only a portion of the daily intake and rest of the waste is kept untreated. 

It is observed that the yard is surrounded by water, which is having a direct connection to the Thane 

creek. It portraits the higher possibility of getting affected by the rise in water level.  When the waste 

dump spot comes in contact with open water, then this will have impacts in most of the ecosystems, 

including, water, coastal, and mangroves. Fig 5 is the ground images of Mulund waste dumping 

yards. The wastes are kept untreated, making a hill out of wastes. Water flowing from the waste hill 

is just a few meters away from the mangrove forest along Thane creek. Since this place is vulnerable 

to water level rising, the waste will come in direct contact with the mangrove forest and to the Thane 

creek. This is a serious threat since this will affect mangrove forests of Thane creek which acts as 

lungs of the Mumbai city, the water ecosystem of Mumbai city.  
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Fig. 5 Water coming from the dumping ground flowing along the mangroves 

3.4 Flood vulnerability 

The flooded area on 26/07/2005 is digitised and plotted in Fig 6. The total area of these patches is 

69.6 sq.km. It is observed that flood-prone regions are all along the major built-up regions. It is 

noticed that the flood patches are following the same directions of the railway/ metro stations 

located. It is clear from Table 2 that major inundation happened on built-up land. When built-up 

contributes 84% of the total flooded regions, rest all of the classes contribute less than 16%. This 

reveals the fact that urbanisation, or in other words, unplanned development is the root factor for the 

flood happened. The similar situation may arise along the coastal tracts if unplanned development is 

allowed without considering the climate change factors.   
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Table 2 Details of different LULC classes under flooded regions on 26/07/2005 (Govt of 

Maharashtra, 2006) 

Class Area (sq.km) Percentage (%) 

Barren land 3.00 4.31 

Built-up 58.71 84.40 

Crop land/ grass land 0.09 0.13 

Fallow land 0.01 0.02 

Forest 0.66 0.95 

Mangroves 0.90 1.30 

Marshy land 0.02 0.03 

Mudflats 0.30 0.44 

Salt pan 0.02 0.02 

Sandy 0.07 0.10 

Vegetation 5.05 7.26 

Water 0.65 0.93 
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Fig. 6. Inundation regions on 26/07/2005 flood 
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3.5 Composite vulnerability assessment 

The composite vulnerability map (Fig 7) contains the vulnerability from sea level rise, coastal 

erosion, and the flood-vulnerable regions. Some regions with specific purposes are masked for 

further results. This includes Sanjay Gandhi national park, Bhabha atomic research centre, Bharat 

petroleum refinery, and water bodies. This was done to analyse the scenarios more precisely in a 

societal point of view since the public cannot use this place for their needs, and these areas are large 

enough to mislead the overall result. Water bodies such as creeks are masked because it is already 

filled with water. So the protected areas, as well as the water bodies, are omitted from further 

discussion to convey the result more logical & more of demographic view.  The study area covered is 

around 512.19 sq.km. In that, 24% of the area, which is equal to 123.35 sq.km, is demarcated as 

composite vulnerable regions.  They are mostly around the coastal tracts. Within the vulnerable 

regions, inland flood-affected areas from the past floods area are 37.13 sq.km, which is around 30 % 

of the demarcated vulnerable regions. Remaining vulnerable areas are falling in built up, barren, 

forest, vegetation, and mangroves regions.  The most worrying impact would be in the 44 sq.km of 

the built-up areas, which is around 35% of the vulnerable regions. Rest of all the classes can cope up 

as they are naturally covered and not covered, and human is not residing over those regions 

currently. Since the city is expanding rapidly, other LULC classes apart from built-up land have to be 

converted based on the need. Available barren land can be kept for rehabilitation in the future. In 

LULC classification of Mumbai region, 41.6 sq.km has been classified as barren land which is rocky 

exposure, barren, empty lands. In that, 8.1 sq.km is vulnerable as per this study. The nonvulnerable 

land becomes very important as they are available for genuine land use. When there is a mitigation 

plan for the climate change impact people, these regions which are inland are potential areas for 

relocation. Barren lands which are falling under the inundation areas can be avoided for further 

development. The protective mechanism may be debated for all other demarcated vulnerable areas.    
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Fig. 7 Composite vulnerability map 
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4 Conclusion 

This study provides vital information about the composite vulnerability of Mumbai city.  Climate 

change induced vulnerability from the hazards causing the inundation and the past flood calamity 

details were considered. The spatial studies prove the efficiency of geospatial techniques for the 

more significant extent of the composite vulnerable regions of the study area. This study has brought 

out the vulnerable inland areas in addition to coastal vulnerable sites.  Since the population is 

increasing exponentially and the city is expanding fast, it is necessary to understand the available 

lands and the safety of those regions of Mumbai city. Other than the inundation of land, SLR is a 

threat to other secondary severe risk issues including land isolation, spreading of waste materials to 

water bodies & mangrove degradation, etc. The limitation in the data resolution restricts this study at 

a city scale. Uncertainty of results is there to a certain degree because of the lack of ground 

subsidence and upliftment data of this region. Updated elevation values of the city with the highest 

accuracy are not available in the public domain, which will undoubtedly enhance the quality of the 

results. Nonavailability of those data has forced to restrict this study with uncertainty. Even then, the 

obtained results are very important and cater to the needs for future planning of climate change 

adaptation programs. Faster growth and development at various parts of this city may alter and 

modify the obtained results. This kind of study should be carried out with higher accuracy of latest 

elevation values such as LIDAR and very high-resolution satellite images to further understand the 

status of the vulnerability of this megacity at the micro level. A huge population is exposed to the 

demarcated vulnerable regions in Mumbai city. National and local decision-makers need to accept 

the truth and implement the policies considering climate change impacts and to benefit that huge 

population. The global crisis should be felt, and adaptation strategies at the local level and relocation 

plans should be drafted without any further delay. Extensive awareness programs at various levels 

should be planned to foresee and adapt to the forthcoming situation. Climate change is not anymore a 

dream and may affect everyone on this globe one way or another. Generous funding to address this 

issue from all sides is the best preventive option than to search for the investment after the calamity.       
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