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INTRODUCTION

Many of the highly populated cities in the
developing countries that are located on the
coast, for example Mumbai, are highly
susceptible to urban flooding. One of the main
reasons cited for this is rapid urbanization which
causes changes in landscape owing to
construction of urban infrastructures and changes
in runoff conveyance networks. Another reason is
that these regions receive high-intensity rainfall
from the monsoons and being a coastal city, due
to tidal effect, even small intensity of rainfall
coupled with tidal effect at the same time results
in flooding. In recent decades many natural areas
have been subjected to an increasing urbanization
with possible consequences on their hydrological
behavior. These changes could have an effect on
local rainfall characteristics. Many authors1-4

have claimed the presence of a valuable

increasing tendency in high intensity rainfall in
urban areas. For urban drainage systems, these
changes can have a strong impact because they
have small basin areas and flood arrival times are
generally short5.

Flooding is considered as the world's most costly
type of natural disaster in terms of both human
causalities and property damage6. The annual
disaster review indicates that flood occurrence
has increased almost 10-fold during the last 45
years, from just 20 events in 1960, to 190 events
in 20057. These extreme flood events have
caused major damage to property, industrial
production, networks, and infrastructure, mainly
in the downstream parts of catchments.
Therefore, floods are posing a great concern and
challenge to design engineers, reinsurance
industries, policy makers and to the government8.
Hydrological changes and increased frequency of
heavy precipitation events are very likely to
occur in the 21st century, as a result of higher
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global mean temperature. Climate change is
expected to exacerbate current stresses on water
resources from population growth and economic
and land-use change, including urbanization.
This will have great impact on urban
environment and infrastructure especially
high-intensity rain will cause problems such as
flooding because of limitations in the existing
urban drainage system9. Precipitation has an
important impact on human activities. For
example, the agricultural and the urban water supply,
depend not only on the total amount of the annual
rainfall collected in dams but also on the temporal
and spatial distribution of rainfall10.
Rainfall frequency analyses are commonly used
for the design of various hydraulic structures.
More specifically, rainfall frequency analysis
studies are necessary for the development of a
design storm, that is a rainfall temporal pattern
used in the design of a hydraulic structure. 

AIMS AND OBJECTIVES
The objective of rainfall frequency analyses is to
estimate the amount of rainfall falling at a given
point or over a given area for a specified duration
and return period. For a site for which sufficient
rainfall data are available (a gauged site), a
frequency analysis can be performed. The
precipitation data used for frequency analysis are
typically available in the form of Annual
Maximum Series (AMS) (or converted to this
form using continuous records of hourly or daily
rainfall data). These series contain the largest
rainfall in each complete year of record11. The
spatial distribution of climatological variables is
needed as input in distributed hydrological
models and different authors have undertaken
interpolations in different geographical locations
and for different time periods12. In South Korea
annual maxima of daily rainfall13 for the years
1961 - 2001 for five locations was modeled by
using Gumbell distribution and they found
evidence that Gumbell distribution provides most
reasonable model for four of the five locations
considered. 

STUDY  AREA
In the present study, aim is to perform statistical
analysis of rainfall for various durations and

return periods, prediction of maximum probable
precipitation for different return periods and
analysis of rainfall trend and intensity pattern for
Mumbai city. The records of the observed annual
maximum daily rainfall were analyzed statistically
for different rainfall return periods (2, 3, 5, 10,
20, 50 and 100 years) during the period 1901 to
2008 for Colaba rain gauge station, 1951 to 2008
for Santacruz rain gauge station and annual max-
imum hourly rainfall from 1969 to 2008 for both
rain gauge stations. In this study the statistical
analysis of rainfall data has been carried out by
using Gumbell distribution. 

MATERIAL  AND  METHODS
Mumbai, formerly called Bombay (Lat 18oN to
19.20oN, Long. 72oE to 73oE) is the capital of
Maharashtra state of India and the commercial
and financial centre of India. It generates about
5% of India's Gross Domestic Product (GDP) and
contributes to over 25% of the country's tax
revenues. Thus, any disaster in Mumbai has
roll-on effects that affect the global economy.
Mumbai, the financial capital of India, with an
area of 437.71 sq. km is an ancient city
comprising seven islands joined with land filling.
The city is divided into 24 municipal (adm
inistrative) areas called wards as shown in
(Fig. 1) Mumbai having coastal length of 140 km
and the average population density is 27, 209
persons per km2.

Fig. 1 : Map showing wards of Mumbai
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The average annual rainfall is 2050 mm as
recorded by the Colaba meteorological station of
India Meteorological Department (IMD) at the
south part of the city while that for the suburbs is
2300 mm as recorded at Santacruz meteorological
station, located 27 km north of Colaba. Over 95%
of monsoon rainfall occurs primarily during June
to october, 70% of the average annual rainfall
occurs in July and august and 50% of this occurs
in just two or three events.

Mumbai is bounded on the west by Arabian sea
and is intercepted by number of creeks (Mahim,
Mahul and Thane creeks), rivers (Mithi, Dahisar,
Poisar and Oshiwara rivers, and their tributaries)
and a complex nallah (drain) system. The Storm
Water Drainage (SWD) system of Mumbai
comprises a hierarchical network of roadside
surface drains (about 2000 km length, mainly in
the suburbs), underground drains and laterals
(about 440 km length in the island city area),
major and minor channels (200 km and 87 km
length, respectively) and 186 outfalls, which
discharge all the surface runoff into rivers and the
arabian sea. Of the 186 outfalls, there are 107
major outfalls in city, which drain to Arabian sea

directly, four at Mahim creek and four at Mahul
creek. There are 29 out-falls in western suburbs
draining directly into sea while fourteen drain
into Mithi river which ultimately joins Mahim
creek.

Deluge on 26th July 2005

On 26th July 2005, in the afternoon after 14.00
hours, Mumbai Suburban Area and the entire
Mumbai Metropolitan Region (MMR) were
struck with a heavy cloud burst. Indian
Meteorological Department (IMD), Santacruz
had recorded an unprecedented downpour of 944
mm within 24 hours ending at 8.30 hours on 27th

July (Fig. 2) while the Colaba observatory
recorded only 74 mm of rain14. As per rainfall
data at Santacruz, heavy rainfall started at 14:30
with 481.2 mm falling in just 4 hours between
14:30 and 18:30 and hourly rainfall exceeding
190 mm/h during 14:30 to 15:30. The extremely
high rainfall resulted in overflows from the
already inadequate drainage system and it was
unable to drain out to the sea because of the
maximum high tide level of 4.48 m at 15:50 on
the same day.

Fig. 2 : Hyetograph of 26 July 2005 rainfall  24 hours ending 08:30 on 27 July 2005

It has been observed that till 1989 the average
rainfall of Mumbai was 2129 mm. However, in
2005-2006 the average annual rainfall was found
to be of 3214 mm, an increase of 50%. About 419
people lost their lives and 16000 cattle were

killed as a result of the flash floods and landslides
in Mumbai municipal area. Another 216 people
were dead as a result of floods-related illnesses.
Over 100000 residential and commercial
establishments and 30000 vehicles were damaged.
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If we exclude the area of forest and lakes, about
22% of Mumbai's land was inundated on 26th

and 27th July 2005. To avoid such flooding, it is
necessary to study the rainfall pattern and predict
the future rainfall for various return periods for
effective hydrological modeling and efficient
design of drainage system.

Rainfall pattern analysis
Mumbai city earlier had only two rain gauge
stations namely Santacruz and Colaba. However
after the deluge of 26th July 2005, as per
recommendation of fact finding committee15,
Municipal corporation of Greater Mumbai
installed 35 automotive rain gauges at 33
locations (Fig. 1) which transmit  rainfall data to
the disaster control room of MCGM every 15
minutes. The daily rainfall data from 1901 to
2008 and from 1951 to 2008 for Colaba and
Santacruz rain gauge station respectively and
hourly rainfall data from 1969 to 2008 for both
rain gauge stations were collected from India

Metrological Department (IMD), Pune for
analysis.

Daily rainfall data analysis
The average intensity for a given period is simply
the rainfall depth divided by the time over which
the rainfall occurs. Rainfall data is fundamental
building block for determining the amount of
storm water generated during a particular event.
The statistical analysis of daily rainfall data from
1901 to 2008 for Colaba rain gauge station and
from 1951 to 2008 for Santacruz rain gauge
station for annual maximum daily rainfall series
has been carried out and basic statistical results
are presented in Table 1. Statistical analysis of
rainfall has been performed using gumbell
distribution. The rainfall varies from minimum
58.6 mm/day to maximum of 548 mm/day at
colaba and from minimum 66.6 mm /day to
maximum 944.2 mm/day for Santacruz. It was
observed that the maximum frequency occurs for
the rainfall ranging between 150 mm to 225 mm
and above 225 mm, the frequency is very low.

Description Colaba (1901-2008) Santacruz (1951-2008)

Number of years of observations 108 59

Minimum rainfall (mm/day) 58.6 66.6

Maximum rainfall (mm/day) 548 944.2

Mean rainfall (mm/day) 192 221

Standard deviation 86.1 119

Median 168 193

Coefficient of variation (Cv) 0.45 0.536

Skewness coefficient (Cs) 1.77 4.06

Kurtosis coefficient (Ck) 6.54 23.70

Table 1 : Basic statistics for daily rainfall data of Mumbai

Also for effective design of the drainage system
and for hydrological modeling inputs, the future
prediction of rainfall estimates for different
return periods has been carried out and the results
are enlisted in Table 2. 

Thus from above results, it can be observed
that the rainfall estimates for different return
periods at Santacruz are more than that of

Colaba and thus they varies spatially. Trend
analysis for the annual maximum daily rainfall
data at Santacruz excluding Fig. 3 (a) and
considering the  rainfall of year 2005 Fig. 3 (b)
has been carried out and in both the cases there
is increasing trend. Also trend analysis at
Colaba gauge station has been carried out and
presented as in Fig. 4 and it also shows
increasing trend.
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Fig. 3 (a) : Trend analysis of annual maximum daily rainfall at Santacruz excluding rainfall for the Year 2005

Fig. 3 (b) : Trend analysis for annual daily maximum rainfall at Santacruz considering rainfall for year 2005

Fig. 4 : Trend analysis of annual daily maximum rainfall at Colaba for the year 2005

Return period Rainfall estimates (mm/ day)
(Years) Santacruz Colaba

2 204 177
3 240 208
5 280 242

10 330 286
20 378 327
50 440 381

100 486 421
200 533 461

Table 2 : Rainfall estimates for different return period for Santacruz and Colaba
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Thus from the above it can be observed that there
is increasing trend at both the rain gauge stations
for annual maximum daily rainfall series.
Hourly rainfall data analysis
Hourly rainfall data from year 1969 to 2008 for

both the rain gauge station was collected from
India Metrological Department (IMD) and the
basic statistical analysis using gumbell distribution
with maximum likelihood method of estimation
for both rain gauge stations has been carried out
and the results are presented at Table 3. 

Basic statistics Colaba (1969-2008) Santacruz (1969-2008)

Number of years of observations 40 40

Minimum 28.3 27

Maximum 113 190

Mean 56.9 60.4

Standard deviation 20.9 31.3

Median 51.4 49.9

Coefficient of variation (Cv) 0.366 0.518

Skewness coefficient (Cs) 1.26 2.61

Kurtosis coefficient (Ck) 3.49 9.58

Table 3 : Basic statistics for hourly rainfall

The maximum rainfall intensity at Santacruz rain
gauge station is 190 mm/hr whereas at Colaba
rain gauge station it is 113 mm/hr. Thus, the
rainfall at both the rain gauge stations which are
only 27 km apart varies in spatial as well as
temporal manner substantially. 
For the effective decision support system to

the hydrologist and engineers, the analysis of
annual maximum hourly rainfall series for
prediction of rainfall estimates for various
return periods was carried out using gumbell
distribution with maximum likelihood method
of estimation. The results are presented in
Table 4.

Return period Colaba Santacruz 
(years) (mm/hr) (mm/hr)

2 53.1 55.2

3 60.8 64.5

5 69.4 74.9

10 80.1 87.9

20 90.5 100

50 104 117

100 114 129

200 124 141

Table 4 : Rainfall estimates for different return periods
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Thus based on the above rainfall analysis, for 2
year return period, at Santacruz and Colaba the
rainfall intensity per hour is nearly 55 mm/hr.
At present, the roadside drainage in Mumbai is
designed for rainfall intensity of 50 mm/hr, at a
return period of 2 years. However as per rainfall
on 26th July 2005, the maximum rainfall
intensity per hour was 190.3 mm/hr. Also
simulations with climate models and
observations indicate that rainfall extremes

such as the Mumbai deluge of 2005 could
become more frequent in India under the impact
of climate change. Trend analysis for the
annual maximum hourly rainfall data at
Santacruz excluding Fig. 5 (a) and considering the
rainfall of year 2005 Fig. 5 (b) has been carried
out and in both the cases there is increasing
trend. Also trend analysis at Colaba gauge
station has been carried out and presented as in
Fig. 6 and shows decreasing trend. 

Fig. 5 (a) : Trend analysis of annual maximum hourly rainfall at 
Santacruz excluding rainfall for the year 2005

Fig. 5 (b) : Trend analysis of annual maximum daily rainfall at 
Santacruz excluding rainfall for the year 2005
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Thus above trend analysis shows that at
Santacruz there is increasing trend where as there
is decreasing trend at Colaba and thus it varies
spatially as well as temporally. Presently roadside
drainage system in Mumbai is designed for
rainfall intensity of 50 mm/hr, at a return period
of 2 years. However, because the city suffers
regularly from the flooding problems in normal
monsoon also, the following rainfall intensities
are being adopted. Rainfall intensity of 50 mm/hr
having 2 years return period for normal design
where no flooding occurred in any of the
monsoon recently. Rainfall intensity of 80 mm/hr
having 10 years return period  may be adopted for
special design where flooding occurs in normal
monsoon years. Rainfall intensity of 100 mm/hr
having 50 years return period may be adopted for
the specific areas where tidal effects are observed
and where ever flooding occurred in the recent
rainfall on 26th July 200515,16.

Probable Maximum Precipitation (PMP)

PMP is defined as the greatest or extreme rainfall
for a given duration that is physically possible
over a station or basin. A statistical study
indicates that PMP can be estimated17 as in Eq. 1.
Where, is mean of annual maximum series,  is
standard deviation and K is a frequency factor
which is usually taken as 15. Analysis of annual

maximum daily rainfall series for Mumbai city
for the data length from year 1901 to 2004 has
been carried out. As per the results obtained,
PMP for Mumbai city comes to 1536.37 mm/day.
As such we have already experienced 944 mm of
rainfall in july 2005. Thus if we consider rainfall
of 2005 also, then PMP comes to 1916.96
mm/day, means Mumbai city can expect the PMP
up to 1900 mm/day at any time in future.  

CONCLUSION
The effect of urbanization on land use change is
major force altering the hydrological process
over a range of temporal and spatial scale rainfall at
Mumbai varies spatially and temporally and the
same has been experienced on 26th July 2005. Also
Mumbai city can expect PMP of 1900 mm/day at
any time in future. Thus proper attention is required
for storm water management of the city to avoid
flooding, human and economic loss. Results
obtained from detailed rainfall analysis such as
rainfall estimates for different return periods for
annual maximum daily as well as hourly rainfall
series could be used for generation of Intensity
Duration Frequency (IDF) curves and also as an
input to hydrological design models for design of
effective urban drainage system for the city to
avoid flooding problems.

P 

Fig. 6 : Trend analysis of annual maximum hourly rainfall at Colaba station for the year 2005
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