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In recent years, flash floods took place in various 
parts of the country that are not under floodplains 
due to high rainfall events, causing damage to rail, 
road and urban infrastructure. There is a need to  
develop a flood vulnerable index map of the country 
for precautionary measures in such vulnerable areas. 
Developing flood vulnerability index (FVI) at country 
level in India is a multifaceted job due to huge varia-
tions in topographic, meteorological and hydrological 
conditions over space and time. The paper focuses on 
developing a scientific approach in preparing FVI 
map of the country in a spatial decision support  
system environment by using space-based inputs,  
topographic data and long-term meteorological data. 
Probable maximum precipitation (PMP) and high 
rainfall frequency were computed using 100 years dai-
ly rainfall data of the country. Runoff potential of the 
country was prepared using high resolution landuse, 
soils, and digital elevation model grids. Probable max-
imum run-off was further computed at national level 
using PMP and run-off potential grids. Morphometric 
analysis was done using topographic and drainage  
information. All these layers were normalized and  
integrated in SDSS environment to compute the flood 
vulnerability index of the country. Suitable weights 
were given for all layers using the knowledge base  
reviewed across the globe. Sensitivity analysis and va-
lidation were done using the previous flood incidents. 
 
Keywords: Flood vulnerability index, morphometric 
analysis, probable maximum precipitation, probable maxi-
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FLOODS are one of major causes of loss of life and pro-
perty and have an adverse effect on the economy across 
the globe. Due to major floods that have occurred in re-
cent years in many parts of the globe, local, national, and 
international authorities have shown an increasing aware-
ness of flood hazard1. Research was carried out on  
providing knowledge for preparing public-based flood 
mapping and estimating flood risks in growing urban  

areas using integrated analytical hierarchy process and 
geographic information system tools2. Coastal city flood 
vulnerability indexing based on exposure, susceptibility 
and resilience to coastal flooding was also addressed by 
testing the approach in nine cities around the world and 
along the coast3. Researchers have compared the role of 
parametric and modelling approaches in assessing the 
flood vulnerability mapping4. In another paper, the  
impact of climate change like flooding and heat on rail 
infrastructure is described by examining the influence of 
various meteorological parameters5. India is one of the 
worst flood affected countries in the world; the damage 
caused by floods in India is immense. In recent years,  
Indian rail, road and urban infrastructure are exposed to 
flooding, causing immense damage to property and life. 
The recent flood in the Machak River, Madhya Pradesh, 
India and wash out of the road bridge between Goa and 
Mumbai are a distinctive paradigm of floods that killed 
number of passengers besides causing incredible damage 
to rail and road infrastructure and to surrounding villages. 
This shows the vulnerability of bridges/culverts to flash 
floods in the country. The recent Chennai and Srinagar 
floods demonstrate the vulnerability of urban infrastruc-
ture to flooding. Interestingly, many of these areas are not 
in the main floodplains of the countries, but the incidents 
took place due to extreme rainfall conditions. 
 Typically rail or road bridges are designed for a 100 
year service life. However, with the increase in frequency 
of extreme events, the probability of failure increases,  
resulting in a reduction in expected design life. Climate 
change will not have a huge impact on the infrastructure 
as the effect due to short-term impact loads are built in 
the safety factors in the design process6. However,  
extreme natural disasters will have an impact on the vul-
nerability as the infrastructure may not be designed for 
such a long-term intense event. 
 The concept of using modern techniques like remote 
sensing and geographical information systems (GIS) in 
flood modelling studies is comparatively new. Flood vul-
nerability index (FVI) is defined as the extent of damage, 
which can be expected under certain conditions of expo-
sure, susceptibility and resilience. FVI is a powerful tool 
for policy and decision-makers to prioritize investments 
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and makes the decision-making process more transparent. 
FVI can provide vital information to protect infrastruc-
ture by suitable damage prevention measures. India being 
a tropical country, developing the FVI of the country is a 
multifaceted job due to huge variations in morphometric, 
topographic, meteorological and hydrological conditions 
over space and time. 
 Flood vulnerability indices and their frameworks  
developed by various countries like USA, Japan, Europe, 
etc. have been examined thoroughly. Considering various 
factors and constraints, it is proposed to develop the FVI 
of the country in spatial decision support system envi-
ronment with the amalgamation of space-based inputs, 
topographic data, morphometric data, long-term meteoro-
logical data and hydrological models. The system  
provides valuable spatial information on the vulnerability 
of rail, road and urban infrastructure to flooding. 

Methods and approaches 

The term ‘risk’ in relation to flood hazards is used in  
diverse contexts and topics, showing how adaptive any 
definition can be7. In the area of natural hazard studies, 
many definitions can be found. It is clear that the many 
definitions related to risk are interrelated and interchan-
geable, and each of them has certain advantages in differ-
ent applications8–10. This type of study considers risk as 
the product of two components, i.e. probability and con-
sequence11. 
 Flood risk means the combination of the probability of 
a flood event and of the potential adverse consequences12. 
The probability of the occurrence of potentially damaging 
flood events is called flood hazard13. Flood hazards in-
clude events with diverse characteristics, e.g. a structure 
located in the floodplain can be endangered by a 20-year 
flood and water level of 0.5 m, and by a 50-year flood 
and water level of 1.2 m. Heavy rainfall, coastal or fluvial 
waves, or storm surges represent the source of flood  
hazard. Generally these elements are characterized by the 
probability of flood events with a certain magnitude and 
other characteristics. 
 Different methods to assess or determine hazard, risk 
and vulnerability to flooding have evolved through ongo-
ing research and practice in recent decades14–16. Determi-
nistic and parametric modelling approaches are popular 
methods in deriving the flood vulnerability3. Deterministic 
modelling approaches, which use physically-based mod-
elling approaches to estimate flood hazard/probability of 
a particular event, coupled with damage assessment mod-
els, which estimate economic consequence, and provide 
an assessment of flood risk in an area. Parametric appro-
aches aim to use readily available topographic and hydro-
meteorological data to build a picture of the vulnerability 
of an area2. Each approach has its own advantages and 
limitations. To help guide such policy decisions, the  

development of a practical method for assessing flood 
vulnerability is needed. 
 Considering the availability of spatial and non-spatial 
database at the national level and the ease of handling 
spatial database in spatial decision support system envi-
ronment, parametric approach is adopted in the study. 
The parametric approach, introduced in the 80s, starts 
from the perspective of limited data, and has developed 
further since17. The parametric approach aims to estimate 
the complete vulnerability value of a system by using  
only a few readily available parameters relating to that 
system; however, the implementation of the approach is 
not simple. Different types of parametric approaches that 
have been developed by scientific communities are: esti-
mating the complete vulnerability value of a system using 
only few parameters, estimating the imputation of non-
observable values, the parametric modelization via maxi-
mum likelihood, and the semi-parametric approach17, 
which allows modelling only of what is strictly neces-
sary. 

Spatial and non-spatial database 

The study requires various topographic and meteorologi-
cal databases (long-term) at the national level. India  
Meteorological Department (IMD) daily rainfall data of 
the country at 0.25° grids for the period 1914 to 2013 
(100 years) were used in rainfall analysis. Soil texture 
from NBSS-LUP, land-use map derived using IRS 
AWiFS data (NR Census: NRSC), and digital elevation 
model (CARTO DEM of 30 m resolution) were used in 
preparing the run-off potential of the country. Morpho-
metric analysis was done using drainage density and  
topographic information of the country (data source:  
India WRIS). Water body (having area more than 2 Ha) 
information obtained from Bhuvan was integrated in the 
analysis. Approximate rail line map was obtained 
(source: Open Street Maps) and overlaid with the drai-
nage map to know the possible bridge locations (first  
order drains were not considered in the analysis). All 
these databases were analysed and integrated to compute 
the FVI of the country in SDSS environment. 

Methodology framework for spatial  
multi-criteria decision analysis 

Preparing the FVI at the national level is a single objec-
tive and multi-criteria problem which requires integration 
and analysis of extensive spatial data in the SDSS envi-
ronment. At the most fundamental level, a spatial multi-
criteria decision problem involves a set of spatially  
defined alternatives (events) from which a choice of one 
or more alternatives is made with respect to a given set of 
criteria18. Spatial multi-criteria analysis is a complete 
transformation from the conventional multicriteria  
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decision making (MCDM) techniques because of its  
unambiguous geographic element. 

The objective function 

Any decision-making process begins with the design of 
the decision problem. In this study, the main objective is 
to prepare a national FVI for assessing flood risk on  
Indian rail bridges, road bridges and urban infrastructure 
using the defined set of criteria. Once the objective func-
tion is identified or defined, the spatial multi-criteria 
analysis focuses on the set of evaluation criteria19. A 
measurement scale must be established for each variable. 
The degree to which objectives are met, as measured by 
the variables, is the basis for comparing alternatives. The 
evaluation criteria are associated with geographical enti-
ties and relationships between entities and therefore can 
be represented in the form of maps, and the criteria can 
be in the form of factors and constraints19. 
 
Factors and constraints: The process of generating  
alternatives should be based on the value structure and  
related to the set of evaluation criteria. A decision varia-
ble is assigned to each alternative. Depending on the 
problem situation, the decision variables may be determi-
nistic, probabilistic, or linguistic. In a real world situa-
tion, very few spatial decision problems can be considered 
unconstrained. Constraints represent restriction imposed 
on decision space and determine the set of feasible alter-
natives20. 
 India has diversified topographic, hydrological and  
meteorological conditions. Floods are a frequent pheno-
menon in the country. Indices adopted at the global scale 
may not be suitable at the national level to derive the 
FVI. A detailed and thorough study is required to identify 
the flood vulnerable areas in the country. Approaches and 
methods adopted in developing frameworks for FVI of 
various counties have been examined thoroughly. 
 With global experiences and after thorough research, 
different possible constraints identified for computing the 
FVI of the country are probable maximum precipitation 
(PMP), run-off potential of the country, probable maxi-
mum run-off (PMR), rainfall frequency (>100 mm),  
topographic slopes, morphometric data and water body 
information (>2 Ha). As the design period of rail, road, 
and urban infrastructure is generally 100 years, long-term 
hydro-meteorological data (100 years) were analysed and 
used in the study to compute various constraints.  
Programmes were written in matlab to compute the men-
tioned constraints in SDSS environment and the con-
straints are discussed below. 
 
Probable maximum precipitation: PMP is defined as 
the greatest depth of precipitation meteorologically poss-
ible for a given duration in a design watershed or a given 

storm area at a particular location, with no allowance 
made for long-term climatic trends21. The objective of the 
PMP estimate is to calculate the PMR at a particular geo-
graphical location in a given watershed, and to further 
provide information that could assist in assessing the  
vulnerability of the location. Such a precipitation is likely 
to happen at a certain time of a year21. IMD daily rainfall 
grids of 0.25° resolution for the last 100 years were used 
in computing PMP using statistical techniques. Maximum 
rainfall in each year at every pixel location was com-
puted. PMP was computed using the maximum rainfall of 
each year through a statistical technique; a knowledge-
based algorithm was developed in matlab to compute the 
PMP at each pixel location during the last 100 years as 
described below. 
 PMP during the last 100 years at pixel level was com-
puted using the eq. (1) 
 
 PMP (1 ),n m n m vnX K X K Cσ= + = +  (1) 
 
where Km is the extreme rainfall which is a statistical  
representation of the maximum value in the observed 
rainfall and computed using eq. (2) 
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where Xm is the maximum observed rainfall of 100 years, 

1nX −  and σn – 1 are the mean and standard deviation com-
puted excluding the extreme rainfall value respectively. 

nX  is the mean rainfall value computed from the daily 
rainfall data of the observed 100 years including the ex-
treme rainfall value at each pixel. σn and Cvn are the stan-
dard deviation and the coefficient of variation of  
the precipitation series for the n years of data at the  
design station. PMP grid that is computed using the last 
100 years rainfall data is shown in the Figure 1. 
 
Run-off potential: Run-off potential is a spatial para-
meter that represents the potentiality of run-off at any 
given pixel location and can be computed using landuse/ 
landcover (LULC), soil textural data and digital elevation 
model (DEM). Generally forest lands have less run-off 
potential when compared to other vegetated land use. The 
chance of flood hazard increases with decrease in soil  
infiltration capacity, which causes increase in surface 
run-off. Steep slopes produce more run-off than the flat 
terrain, since they do not allow infiltration of the rain 
much faster. Run-off potential map of the country was 
computed using the LULC map, soil textural map and 
digital elevation model and shown in Figure 2. 
 
Probable maximum run-off: PMR is the maximum  
run-off that poses extremely serious threats to the flood 
control of a given project in a design watershed. Such a 
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run-off could plausibly occur in a locality at a particular 
time of the year under current meteorological condi-
tions14. This necessary information provides the vulnera-
bility of a location to floods. PMR was computed using 
the maximum probable precipitation and run-off potential 
grids and shown in Figure 3. A program was written in 
matlab to compute the run-off at national level for each 
and every pixel. This grid shows the maximum run-off 
across the country that occurred during the last 100 years 
at each and every pixel location. 
 

 
 

Figure 1. Probable maximum precipitation (PMP) in India (1914 to 
2013). 

 

 
 

Figure 2. Run-off potential of the India. 

Rainfall frequency: Rainfall frequency is defined as the 
number of times, during a specified period, that precipita-
tion of a certain magnitude or greater occurs at a station.  
Globally it is considered that, rainfall ≥100 mm can 
create a flood-like situation in any area; this limit was  
also validated during the sensitivity analysis. IMDs daily 
rainfall data of the country at 0.25° grids for the period 
1914 to 2013 (100 years) were used in rainfall analysis. 
The daily rainfall data were analysed to determine the 
number of times rainfall in each pixel exceeded or 
equalled 100 mm during the 100 years. A knowledge-
based algorithm was developed in matlab to calculate the 
frequency of daily rainfall and a rainfall frequency 
(≥100 mm) grid was computed as shown in Figure 4. 
 
Morphometric analysis: Morphometric analysis is im-
portant in any hydrological investigation and it is inevita-
ble in the development and management of the drainage 
basin22. Morphometric analysis has been carried out using 
topographic and drainage maps of the country. Parame-
ters like drainage order, bifurcation ratio, basin relief,  
relief ratio, drainage density and stream frequency were 
computed and analysed. Drainage density and type of 
drainage provides information related to run-off, infiltra-
tion relief and permeability. Drainage density (in terms of 
km/sq. km) indicates closeness of spacing of the channel, 
as well as the nature of surface material, thus providing a 
quantitative measure of the average length of the stream 
channel for the whole basin. It has been observed from 
the drainage density measurement made over a wide 
range of geologic and climatic types that a low drainage 
 
 

 
 

Figure 3. Probable maximum run-off (PMR) in India (1994 to 2013). 
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density is more likely to occur in the region and is highly 
resistant to highly permeable subsoil material under 
dense vegetative cover and where relief is low22. High 
drainage density is the resultant of weak or impermeable 
subsurface material, sparse vegetation and mountainous 
relief. The drainage density across the country was com-
puted using the eq. (3) 
 

 1 ,
n

ii
d

SL
D

A
== ∑   (3) 

 
where Dd is the drainage density (km/sq. km), SL the  
cumulative length (km) of all streams present within A 
area, A the area (sq. km) and n is the total number of 
streams present within the area A. Drainage density is 
computed using the drainage map of India (source: India 
WRIS) and is shown in Figure 5. During floods, the  
velocity of flow is converted into static head when the 
flood reaches the flat terrain; as a result it inundates more 
area and thus elevation and slope play an important role 
in deciding flood vulnerability of any area. In this study, 
the slope map was prepared using the CARTO 30 m 
DEM. In the slope grid, pixels having less slopes were 
assigned a higher rank due to almost flat terrain while the 
classes having maximum value were given lower rank. 

Decision rules 

The design phase involves inventing and analysing a set 
of possible solutions to the problem identified. Here, the 
 
 

 
 

Figure 4. High rainfall frequencies (>100 mm) in India (1914 to 
2013). 

main objective is to compute the FVI of the country using 
the defined criteria. At this stage, it is necessary to  
explore the spatial decisions criteria or the decision rules 
to consider to identify flood vulnerable areas. Manipula-
tion and analysis of the data and the information stored in 
GIS will help in deriving spatial decisions. As the ulti-
mate aim is to use spatial decision support system for the 
purpose of decision making, it is better to look into avail-
able guidelines and expert opinion at the design phase to 
help create rule-based decision trees or knowledge-base 
in expert classifier shell19. 
 The preferences are typically expressed in terms of 
weights of relative importance assigned to the evaluation 
criteria under consideration. The purpose of a criterion 
(objective and attribute) is to express the importance of 
each criterion relative to the other criteria. Decision rules 
dictate how best to rank alternatives or to decide which 
alternative is preferred to another. Since a decision rule 
provides an ordering of all alternatives according to their 
preference with respect to the set of evaluation criteria, 
the decision problem depends on the selection of the best 
outcome20. In the present study, a knowledge base has 
been created in a hierarchical form and decision trees are 
used for the purpose. The analytic hierarchy approach 
(AHP) developed using a 9 point scale23 was used in this 
study as a decision-aiding method to finalize the weights 
assigned to different layers used in deciphering flood 
vulnerability. All constrains/factors were normalized  
between 0 and 255 linearly before assigning weightage 
factors to avoid the bias that exists in any constraint. 
 
 

 
 

Figure 5. Drainage density of India. 
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 The attributes of each of the layers employed in this 
study were assigned weightage depending on the relative 
contribution to flood vulnerability. The weights of the  
individual layers were then normalized by Saaty’s AHP 
and the eigenvector technique was used to reduce the  
subjectivity associated with the assigned weights. The 
consistency index (CI) of the assigned weights was calcu-
lated using the eq. (4)23. The consistency ratio (CR), which 
indicates the probability that the matrix ratings were  
randomly generated, was also computed using the values of 
random consistency index (RI) which is the average value 
of CI for random matrices using Saaty’s scale. 
 

 Consistency index = (λmax – n)/(n – 1), (4) 
 

 Consistency ratio = CI/RI 
 
where n is the number of criteria or factors. 
 It should be noted that the CR value should be less than 
0.10 for consistent weights; otherwise, corresponding 
weights should be re-evaluated to avoid inconsistency23. 
Finally, all layers were integrated in SDSS environment 
and the FVI for the country was computed and shown in 
Figure 6. 

Sensitivity analysis 

In this kind of study, scope for change in terrain slopes, 
morphology, and soils with time is negligible. Probable 
maximum precipitation, rainfall frequency and probable 
maximum run-off are the main governing parameters in 
computing FVI. Initially it was assumed that rainfall of 
100 mm and more can create a flood-like situation.  
Different rainfall threshold values were examined and  
 

 
 

Figure 6. Flood vulnerability index of India. 

validated with the floodplains of the country and the his-
toric flood events. Rainfall threshold of 100 mm is found 
to be suitable in deriving FVI of the country. Even 
though the weights given for different constraints are de-
rived from the knowledge base of the best practices that 
are adopted across the globe, these weights were also 
tested for their sensitivity. Machak river floods (MP 
State, India) that caused collapse of the rail bridge in 
2015, and the bridge collapse on Goa–Mumbai national 
highway due to floods in 2016 were examined and vali-
dated with the results. 

Results and discussions 

Data analysis of rainfall from a long period (100 years), 
showed that nearly 37% of the county had received rain-
fall of ≥100 mm for more than 50 times during the last 
100 years. It is evident that SW, NE, and central part of 
the country received high rainfall more often. Negligible 
area of the country (0.23%) had never received ≥100 mm 
of rainfall during the last 100 years. This analysis shows 
that almost all parts of the country had received rainfall 
of ≥100 mm once or many times during this 100 year  
period. More frequent, high rainfall events are highly 
vulnerable to flooding. 
 From the PMP, it can be inferred that approximately 
25% of the country had received rainfall of >300 mm on 
some or the other day during the last 100 years. Similarly 
nearly 47% of the area had received rainfall between 200 
to 300 mm during this 100-year-period at least once. It 
indicates that such areas are more susceptible to flooding. 
It is apparent that SW and NE receive highest rainfall 
events, and pixels having less than 100 mm rainfall are 
almost negligible. PMP in the extreme northern part of 
the country (J&K states) and some parts in northeastern 
area of the country may not be accurate due to non-
availability of sufficient rainfall data. 
 The run-off potential of the country shows that the  
Indian terrain has more potential to generate run-off  
resulting from rainfall. These zones are derived based on 
the terrain characteristics like landuse, soils, and DEM. 
Maximum part of the country falls in the high to very 
high run-off potential zones that are more vulnerable to 
flooding. Very high and high run-off potential zones of 
the country are 34% and 30% respectively. 
 PMR is the function of PMP and the run-off potential. 
Hence, pixels having high PMP and high run-off potential 
are reflected as the high run-off zones. This is one of the 
main indicators to assess maximum possible flood situa-
tion with 100 years return period. It is interesting to note 
that some areas have high PMP values and moderate 
PMR, due to low run-off potentiality of the terrain. From 
the PMR, it is evident that almost every part of the coun-
try had experienced a run-off of more than 100 mm dur-
ing the last 100 years. Very high and high PMR zones of 
the country are 13.5% and 10.7% respectively. 
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 From the slopes across the country, it is found that 
maximum part of the country falls in less than 5% slopes. 
Steep slopes exist in northern and north-eastern parts of 
the country. Flat slopes are vulnerable to riverine floods 
and steep slopes are exposed to flash floods. As the areal 
extents of steep slopes are very less, maximum attention 
is given to riverine floods. Drainage density in the central 
and southern part of India is high. It is very low in the 
Gujarat and Rajasthan areas. Drainage information is not 
available in some parts of J&K states; hence FVI in those 
areas may not be accurate. 
 FVI of the country was computed at 1 km pixel resolu-
tion in the SDSS environment using the defined criteria. 
It is found that some parts of the western and eastern 
coast, parts of northeast, central India, and Gangetic 
plains are highly vulnerable. Nearly 19% and 28% of the 
Indian territory are very highly and highly vulnerable to 
flooding respectively. FVI in the extreme northern part of 
the country (J&K states) and some parts in northeastern 
area of the country may not be accurate due to non-
availability of sufficient rainfall data. 
 The FVI map of the country is computed based on the 
long-term meteorological data and high resolution topo-
graphic data; it may not depict the floodplain zones of the 
country as it also depends on the upstream catchment 
conditions. FVI is calculated based on long-term rainfall 
data (100 years) and topographic data keeping in view the 
life-span of rail, road and urban civil infrastructure. Flood 
vulnerability of rail and road bridges and urban infra-
structure mainly depends upon resilience such as structur-
al stability, age of construction, maintenance, etc. FVI is 
calculated using long-term historical rainfall data at 0.25° 
resolution obtained from IMD. It may not represent the  
effect of localized thunderstorms and its flash floods, and 
the impact due to cyclonic floods and sea wave flooding. 
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