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Abstract: 

Mumbai city is considered as one of megacities of the 

world that covers an area of 437.71sq.km and the city 

has a population of 11.9 million comprising 8.07 per 

cent of the population of the State (as per 2001 

census).. It is one of the first four metropolitan areas 

in India and the commercial and financial capital of 

India. The city is vulnerable to a host of natural 

disasters such as earthquakes, landslides, fire risks 

and floods.  The large and diversified population, high 

population density and unique geographical 

constraints make the city extremely vulnerable to 

devastating consequences of these disasters.  

The work in this paper is aimed at generating 

vulnerability maps for Mumbai city using ArcGIS 

software developed by Environmental Systems 

Research Institute (ESRI). ArcGIS is considered as one 

of the useful tools for hazard and risk analyses and 

mapping. Vulnerability is defined as the potential of 

an asset to damage in a natural hazard. Vulnerability 

maps are prepared using open street map (OSM) data 

of Mumbai city considering a one square kilometer 

grid over the study area and computing vulnerability 

index (VI) for each grid. The VI can be combined with 

the hazard potential of any disaster to produce 

vulnerability maps for important sectors of the city, 

like infrastructure and transport sector. These 

Vulnerability hazard maps can provide a factual 

understanding of the impact of these natural hazards 

in the study area. These maps can be used as decision 

support tools by the engineers, policy makers, local 

authorities, NGO’s and disaster prevention officers for 

dealing with the hazards.  
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Introduction 

Vulnerability is generally referred to as the inability of people, organizations, and societies to withstand 

adverse impacts of multiple stresses to which they are exposed. It is based on the premise that though 

different groups within a society may have the same level of exposure to a natural hazard, it may have a 

varying consequences for each of these groups, since they have diverging capacities and abilities to handle the 

impacts of such a hazard. Therefore to assess vulnerability there is a need to understand the conditions that 

make exposure of an individual or a community or a region unsafe, leading to vulnerability and the causes 

leading to creation of these conditions. There are many aspects of vulnerability, arising from various physical, 

social, economic, and environmental factors. Examples may include poor design and construction of buildings, 

inadequate protection of assets, lack of public information and awareness, limited official recognition of risks 

and preparedness measures, and disregard for wise environmental management. Thus vulnerability 

assessments would require systematic examinations of population groups, building elements, facilities, or 

components of the economy to identify features that are susceptible to damage from the effects of natural 

hazards.  

ArcGIS software provides an efficient way to identify natural hazard-prone areas and vulnerable populations, 

structures, and resources. This is done by combining or layering engineering data, such as buildings and roads, 

natural hazard data, such as earthquake zones, flood zones, fire risk areas and other data, such as temporal 

distribution of population and community facilities. Huge volumes of data are compiled on various parameters 

and are presented through maps which reveal spatial relationships between different attributes. The resulting 

maps projects patterns or trends can be helpful to the planners, engineers, disaster prevention and rescue 

officers and NGO’s. In this study, the methodology for assessing the infrastructure and transport vulnerability 

and mapping using GIS is explained in detail. 

 
Study Area  
In the present study, Mumbai city is considered as the study area as shown in Fig. 1. Mumbai city is one of 

megacities of the world that covers an area of 437.71sq.km representing 0.14 percent of the state of 

Maharashtra (MEERP, 2007). It is one of the first four metropolitan areas in India and the commercial and 

financial capital of India. The city has a population of 11.9 million comprising 8.07 per cent of the population of 

the State (as per 2001 census).  

Mumbai city is vulnerable to a multitude of natural disasters such as earthquakes, landslides, fire risks and 

floods.  The large and diversified population, high population density and unique geographical constraints 

make the city extremely vulnerable to devastating consequences of these disasters. Mumbai city comes under 

seismic zone III, i.e. Moderate Damage Risk Zone (MSK VII). Most of the areas on hill slopes or at the bottoms 

of hills are vulnerable to landslides, especially during heavy rain associated with high velocity winds. The city is 

hardly 10 to 15 meters above sea level and part of the city is a reclaimed land on Arabian Sea coast. The 

average total annual rainfall in the city is 2146.6 mm. Thus, there a number of flooding points in the city area 

resulting in disruption of traffic as well as heavy flooding of settlements. Also, the city practically has every 
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type of fire risk resulting from old timber framed buildings in some wards, commercial activities, hazardous 

industries, widespread dock areas, oil refineries, petrochemical industries, large slum settlements and high 

rise buildings with inadequate fire-fighting facilities (MEERP, 2007). 

Sengupta (2007) prepared vulnerability maps using the ERRIS (Environmental Risk Reporting and Information 

System) mapping module and combined it with hazard maps to generate risk maps. Mhaske and Choudhury 

(2010) prepared liquefaction hazard map and Mhaske (2010) prepared earthquake disaster response 

management map for Mumbai city and suburban area by using Gram++ GIS. 

 

 

 

 

Fig: 1 – Location map of Mumbai city 

 
Data Collection 
For examination of vulnerability, it is considered that the scale of any natural hazard in any particular area 

largely depends upon its physical or infrastructure setup. Therefore database related to the infrastructure 

have been collected at the sub-divisional level of the district of Mumbai.  In absence of readily available 

database for the study area, the qualitative data for vulnerability analysis is obtained from primary and 

secondary sources such as reconnaissance, MCGM website and reports, census data and various research 

studies while the spatial data necessary for development of infrastructure vulnerability, i.e., location and 

geometry of the indicators is derived from volunteered geographical information (VGI) such as 

OpenStreetMap (OSM) obtained from online ArcGIS. In the recent literature, several studies have addressed 

Maharashtra 
Mumbai 
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the completeness of OpenStreetMap (OSM) by comparing it with other reference data sets (Haklay, 2010), 

(Zielstra and Zipf, 2010), (Girres and Touya, 2010), (Hecht et al., 2013). It is concluded that OSM is fairly 

accurate and the urban areas are generally better mapped than their rural counterparts. A total number of 

721 data grid points are collected covering the whole of Mumbai city and its suburbs as shown in Fig.2. 

 
Fig: 2 – Infrastructure OSM data of Mumbai city with 1 X 1 sq.km grid overlay prepared using ArcGIS tools 

 
Infrastructure Vulnerability Analysis 
As mentioned before, though vulnerability estimation is difficult since the physical characteristics of a region 

changes with time, an attempt has been made in the present study to assess and map the infrastructure 

vulnerability for Mumbai city. For a meaningful assessment of infrastructure vulnerability, standard 

vulnerability indices utilizing a factor analytical approach are developed based on the work of Cutter et al. 

(2000), Chakraborty et al. (2005) and Karmakar et al. (2010).  

To assess the infrastructure vulnerability, indicators (type of infrastructure) and density of the indicator were 

considered. Vulnerability indicators are defined as variables which are an operational representation of an 

attribute, such as quality and characteristics of a system regarding the susceptibility, coping capacity and 

resilience of a system to an impact of a disaster (Gallopin, 2006;Birkmann, 2007).Following the integration of 

data into GIS, spatial joins and intersect, based on location, are performed to evaluate the number of critical 

facilities or lengths of transportation network in a specific area. 

The infrastructure of Mumbai city has been divided into two categories for vulnerability analysis in the present 

study, i.e., transportation system and critical facilities as tabulated in Table 1. 
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Table 1  

Infrastructure vulnerability indicators 

Vulnerability Category Indicator 

Infrastructure 

Transportation systems 

Roadways 

Bridges 

Railways 

Aeroways 

Critical facilities 

Railway stations 

Bus stations and Depos 

Education 

Health 

Important govt. offices 

Heritage, Monument, Worship Buildings 

Hotels, lodging and boarding 

Fire stations 

Entertainment 

 

Transportation system comprises of four indicators, i.e., railways, aeroways, roadways and bridges. The critical 

facilities consists of nine indicators that includes schools, hospitals, important Government offices, hotels, fire 

stations, heritage structures, railway stations, bus stations and depos and educational institutions. Fig. 3 & Fig. 

4 show the vector maps for transportation system indicators and critical facilities indicators of Mumbai city 

respectively. The symbol and color coded vector maps are prepared in ArcGIS using the layer properties tool. 

 
ArcGIS Framework 
ArcGIS 10.1 software is used for all image preparation, spatial analysis and mapping. ArcGIS, developed by 

Environmental Systems Research Institute (ESRI), founded by Jack Dangermond in 1969 is one of the useful 

tools for hazards or risk analyses. The data can be spatially represented and stored in various layers as 

shapefiles ( with extension .shp) and these layers or features can be overlaid and combined graphically into a 

map for simultaneous visual representation of data.  

ArcGIS consists of various routines like ArcMap, ArcCatalogue, ArcToolbox and ArcScene. Mapping is 

completed using the ArcMap routine of the ArcGIS software package, an interface where shape files are 

added, manipulated, and tabulated. ArcCatalog facilitates the management and movement of files. To assist in 

manipulating and converting data, ArcToolbox provides basic tasks for data management. The ArcScene 

component of ArcGIS software is used in 3D modeling.  

ArcGIS calculates the area and perimeter using the ‘Calculate geometry’ tool and performs computations using 

the ‘Field Calculator’ tool. It can also ‘count’ the number of features on the map by overlaying or combining 

the features. Thus, an additional data can be derived and stored in shapefiles. 
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Fig: 3  – Transportation Infrastructure indicators of 

Mumbai city 
Fig: 4  – Critical facility Infrastructure indicators of 

Mumbai city 

 

Methodology of Vulnerability index (VI) mapping using ArcGIS tools 
Vulnerability assessment is carried out using the ArcMap routine of ArcGIS10.1 software package. A uniform 

grid layer of 1km x 1km is prepared and is clipped with the digitized base map of Mumbai city. A layer of 

square cells lie over the Mumbai city base map, dividing the whole city into 721number of grid cells as shown 

in Fig. 2. The exact area of each grid cell is calculated using the ‘Calculate Geometry’ tool in the attribute table.  

For transportation infrastructure vulnerability, the layers containing the information of transportation 

infrastructure indicators, i.e., railways, aeroways, roadways and bridges, is overlaid on the grid layer and the 

length/ portion of the transportation facility in coming in each grid is calculated using the clip and intersect 

tools of analysis from the ArcToolbox of GIS.  The following procedure is followed for calculating the length of 

the indicator, i.e., roadways/railways/aeroways/bridges: 1) roads/railways/bridges/aeroways layer is imported 

into GIS; 2) the length of each indicator is contained in the attributes table; 3) those road/railway segments 

from the attribute table are selected which fall within and intersect a particular grid; 4) the “statistics” option 

from the “length” field in the attribute table options is selected; 5) the program calculates the sum of lengths 

and display them in that particular grid; 6) the values are stored in a table and finally used for determining the 

vulnerability indices—“length of roads” and “length of railways”. 
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For critical infrastructure vulnerability, the uniform grid layer of 1km x 1km is combined with the layers 

containing the information of critical infrastructure indicators that includes schools, hospitals, important 

Government offices, hotels, fire stations, heritage structures, railway stations, bus stations and depos and 

educational institutions. The number of critical facilities in each grid is counted using the spatial join tool of 

Overaly from the ArcToolbox of GIS. 

Finally, the vulnerability index of each indicator for each grid is calculated using the following equation 

proposed by Karmakar et al. (2010), 

VIi = (Vmax - Vi) / (Vmax - Vmin)     (1) 

Where VIiis the vulnerability index for the indicator pertaining to the ith grid, Vmax and Vmin are the maximum 

and minimum vulnerability values (length in case of transportation infrastructure and count of the indicators 

within a grid in case of critical infrastructure) of all the grid cells and Viis the vulnerability value of the ith grid. 

Thus the vulnerability index is obtained for each grid for each indicator and mapped. Vulnerability levels or 

classes are fixed based on the vulnerability indices calculated for the indicators as shown in Table 2. 

Table 2 

Vulnerability Classes based on vulnerability index (VI) 

Vulnerability Level Vulnerability Index (VI) Infrastructure density 

No 0 No infrastructure  

Low 0.25 Low infrastructure  

Moderate 0.5 Moderate infrastructure  

High 0.75 Dense infrastructure network 

Very High / Critical 1 Very dense infrastructure network 

 

 
Finally, based on the vulnerability indices, color coded vulnerability map layouts are prepared using the map 

composer tool of ArcGIS.Vulnerability map of one of themajor indicator of transportation infrastructure of 

Mumbai city, i.e. railways, is shown in Fig.5 while vulnerability map for one of the importantindicator of critical 

facilities infrastructure of Mumbai city, i.e. hospitals, is shown in Fig. 6. 

 
Conclusion 
The present study provides an approach for vulnerability analysis and mapping on larger scale of area or cities 

using ArcGIS tools and techniques. The calculation of vulnerability indices for critical infrastructure and 

transportation infrastructure for any hazard provides input for mapping a large area of Mumbai city. The VI is 

computed and mapped in ArcGIS considering a grid of one square kilometer to provide insight into the spatial 

variability of vulnerabilities.  Various parameters are introduced in the infrastructure vulnerability, for example 

– length of roads, length of railway, number of critical facilities and road bridges. The minimum and maximum 

values of vulnerability are estimated and used to compute the VI instead of using conventional formula or 

assigning weighting factors.  

The overall vulnerability indices of some areas can be validated with the past information of a flood hazard of 

July 26, 2005 which affected the sub-urban areas of Mumbai city.  For example, the most affected areas of 
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Mumbai city as per the government records (Government of Maharashtra, 2005)supports the overall 

vulnerability map generated in the present study using ArcGIS.  

The present study shows that ArcGIS can be a powerful tool for carrying out the hazard- vulnerability studies 

of urban areas and create awareness of the vulnerability of an area to natural hazard.  The infrastructure 

vulnerability grid maps for Mumbai city have been prepared in the present study to demonstrate the 

capability of the ArcGIS tools to carry out vulnerability assessment considering various options. The results are 

generated in the form of color-coded maps depicting the grid wise vulnerability index. These maps can be 

used by the stakeholders, policy makers, planners and engineers to identify the areas with potentially heavy 

damage and to assess the extent of damage so that the disaster management plans for the city can be 

strengthened.  

 

  
Fig.5 Vulnerability map of railways (transportation 

infrastructure indicator) of Mumbai city prepared using 
ArcGIS tools 

Fig.6 Vulnerability map of hospitals (critical infrastructure 
indicator) of Mumbai city prepared using ArcGIS tools 
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