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BACKGROUND 

 
 

India has along coastline (about 6000 km) and a significant fraction of her 

population resides in coastal area, the most densely populated being the deltas along the 

east coast. Flooding and erosion associated with changes in coastal sea level therefore 

have a major impact on life and property. Other vulnerable areas include offshore drilling 

platforms, which now account for a large fraction of India’s indigenous petroleum and 

natural-gas resources. The east coast is particularly vulnerable because of the large 

number of cyclones and storms that form in the Bay of Bengal. For example, the super 

cyclone that crossed Orissa during October, 1999 caused a loss of about 10,000 lives, 

besides causing tremendous destruction to property. Though the occurrences of these 

incidents are more along the east coast, the west coast is also not free from such events.  

During the onslaught of a cyclone into a coastal region, the maximum damage is created 

by the storm surges. These damages include destruction to life and property, besides 

losses in agricultural production due to the intrusion of saline waters into the field. Thus, 

the study on impacts of extreme sea level in the coastal regions of India becomes 

extremely important. 

Global warming is expected to cause an increase in sea level. The analysis of  sea 

level data in the 20 th century shows an increase in sea level between 1.0 and 2.0 

mm/year.  However, projections for the future are much higher. A sea level rise of 0.09 to 

0.88 m is projected for 1990 to 2100 for different scenarios (Inter Governmental Panel on 

Climate Change (IPCC), 2001). Low lying areas in coastal areas will be particularly 
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vulnerable to the sea level rise. Moreover, the increase in mean sea level will cause 

increased flood risks associated with storm surges.    
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OBJECTIVES 

 

 The present project envisages a study on the impact of climate change on extreme 

sea level variability along the coast of India. The main objectives can be listed as follows.  

Objective 1 

To describe the present scenario on extreme sea level variability along the Indian 

coasts. 

Objective 2 

  To study the impact of cyclones and storm surges in the coastal regions of India. 

Objective 3 

To estimate the long term change in mean sea level along the Indian coasts.      

Objective 4 

To analyse regional climate model data for the northern Indian Ocean for future 

climate.  

Objective 5 

  To estimate return periods of extreme sea level in the event of sea level rise in 

future.  
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INTRODUCTION 

 

Extreme sea level variability along the coast of India” is a part of the Indo-UK 

project on “Impacts of Climate Change in India”. The impacts of climate change in 

coastal regions can occur mainly due to (i) an increase in mean sea level and (ii) an 

increase in the extreme sea level events (storm surges) due to a possible increase in the 

occurrence of tropical cyclones.  The present project mainly dealt with the latter aspect. It 

is of particular concern to India in view of the damages that occur along the east coast of 

India from the cyclones that form in the Bay of Bengal. Any increase in the frequency or 

intensity of tropical disturbances in future will cause increased damages to life and 

property in the coastal regions. 

Recent studies on the occurrence of  cyclones in the Bay of Bengal has shown no 

increase in the trend of occurrence of tropical cyclones in the last century, rather shows a 

slight decrease (Rupa Kumar et al., 2002; Bhaskar Rao et al., 2001). However, on a 

global scale, Haarsma et al. (1993) examined tropical disturbances in a GCM with 2.5 0 × 

3.75 0 grid resolution. They showed that in spite of the coarse resolution, GCM could 

reveal essential features of the tropical cyclones, and found that the effect of doubling of 

CO2 in global climate model simulations showed an increase in the number of tropical 

disturbances, particularly intense events. In the present work, we examined the frequency 

distribution of cyclones in future climate by analysing the results of a regional model for 

the northern Indian Ocean (HadRM2). 

 In India, studies on storm surges had been mainly based on numerical modelling. 

These studies  started in the 1970’s (Das, 1972) and later more sophisticated models were 
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employed (see Murty et al., 1986; Dube and Gaur, 1995) to simulate storm surges using 

the input of cyclone parameters such as the track of the cyclone and core pressure, 

besides the bathymetry of the region. However, little effort has gone into analysis of tide 

gauge records for studying these events along the Indian coasts. Observations of surges 

will be very useful in validating the present models to improve their prediction 

capabilities. In the present project, we analyse the past tide gauge records to identify and 

quantify the extreme sea level events. Though there are instances of break-down of tide 

gauges during the occurrence of severe cyclonic events, there do exist sufficient data 

during the analysis period in order to identify surges during many severe cyclonic events.  

In the present work, we analysed the hourly tide gauge data of 15 years duration to 

identify extreme sea level events and use statistical methods to determine their return 

periods (Task 1).   

The above analysis covered both west and east coasts of India. The descriptive 

part of the study and the study of impacts were covered for both the coasts. However, the 

statistical analysis for estimating the return periods was made to the east coast only. This 

is mainly because the occurrence of extreme sea level events is much more along the east 

coast than the west coast. Moreover, the number of extreme events in the stations along 

the west coast during the period of analysis is not enough to carry out a statistical 

analysis.  

Studies on impact of extreme sea level in the coastal regions form a part of the 

present project. In the event of an onslaught of a cyclone into a coastal region, the 

maximum damage is created by storm surges. In the present study, the damages of 
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cyclones and storm surges in coastal regions along the Indian coasts during past 50 years 

were documented (Task 2). 

Global warming is expected to cause increase in sea level. Increase in sea level 

will cause increased risks associated with storm surges, even if the frequency and 

intensity of storms will remain unchanged. Though the main theme of the present project 

is on analysis of extreme sea level, we also estimated the mean sea level rise at selected 

tide gauge stations along the Indian coasts. The monthly mean sea level at selected 

stations were analysed to estimate long term changes in sea level (Task 3).    

The impact of climate change on extreme sea level was addressed by analysing 

the data from the regional model for the northern Indian Ocean, HadRM2 (Task 4). The 

parameters analysed were sea level pressure and near surface winds, air temperature and 

precipitation. The results for a control run of the model and for a simulation with doubled 

green house gases (GHG) were analysed for the period 2041-2060.  

A two-dimensional barotropic model was developed for the Bay of Bengal region 

for the simulation of storm surges. The model forced with HadRM2 winds were used to 

analyse the storm surge events in future climate.   

  The estimates of return periods for a future scenario of sea level rise (Task 5) 

were made. The estimate of the projected sea level rise for 2050 from global models 

(HadCM3) was used to calculate the return periods of extreme sea level in future. 
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METHODOLOGY 

 
Task 1: Identification of extreme sea level events from tide gauge record 

and estimation of their return periods 
 
 

This section deals with the analysis of tide gauge data at six locations along the 

coasts of India. The main objectives are (i) to identify and describe storm surge events in 

a record of 15 years and (ii) to estimate their return periods. This provides a qualitative 

and quantitative description of the present scenario on extreme sea level variability along 

the Indian coasts. It forms the basic information, on which variability in future climate 

scenario can be built. 

(i) Identification of extreme sea level events along the Indian coasts 

The tide gauge locations along the Indian coasts are shown in Fig.1. In Fig.2, the 

coastal boundary of different States of India are shown. Hourly tide gauge data (1974-

1988), provided by the Geodetic and Research (G & R) Branch, Survey of India, Dehra 

Dun were used for the present analysis. The stations analysed are Paradip, 

Vishaphapatnam, Chennai (earlier known as Madras), Kochi (earlier known as Cochin), 

Marmugao and Mumbai (earlier known as Bombay). Though the data set contains 15 

years of data, there do exist some gaps in the data due to the non functioning of the tide 

gauge. The details of the data gaps are provided in Annexure – I (Volume II). 

A careful editing of the hourly tide gauge data was done. One problem that is 

often encountered is what is known as quasi-tidal oscillations, in which there is a leakage 

of energy from non-tidal signal to tidal frequencies. These kinds of oscillations were 

reported elsewhere, for example, along the British coasts (Dixon and Tawn, 1994).  In the 

present records, there are a few instances of these oscillations, and data pertaining to 
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them were removed for further analysis. There are also a few cases of datum shifts, which 

are mentioned in the data records of the Survey of India and these shifts have been 

incorporated.  

Observed sea level consists of tides and ‘residuals’. Tides are deterministic and 

can be predicted. Based on the harmonic constants that are available for the concerned 

port, the sea level variation due to tides at any location can be computed from 

H = hmean + ∑ Hn fn cos [ σn t – gn + ( Vn  + un )]               (1) 

Where n varies from 1 to N.  hmean is the mean sea level at a location, t is the time, n 

refers to the tidal constituent and σn, Hn and gn are the frequency, amplitude and the 

phase of the constituent n. (Vn +un) adjusts the phases to allow for astronomical 

conditions at the time of origin of the data.  fn is the node factor, which varies from year 

to year.  We used N=58 for our analysis. The analysis of data from a location consisted of 

using a year long time series of hourly sea level. The data were fitted to the above 

equation using a least-square technique. The smooth fitted curve was then subtracted 

from the data to determine the residuals. This was done by using the software package, 

TASK (Anonymous, 1996).    

Residuals, determined by removing the predicted tides from the observed sea 

level, are mostly due to surges. Sundar et al. (1999) identified three typical storm surge 

events along the east coast of India from the tide gauge records and studied the evolution 

of these events along with the corresponding meteorological fields of surface pressure 

and winds. This preliminary analysis motivated us to look into the entire data set 

spanning 15 years to make a statistical analysis.  
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The extreme events identified during this period are presented in the form of 

tables in the first report called “Report on Scenario ’’ (Anonymous, 2002a). They are also 

presented in Annexure - II  (Volume II).  In these tables, the parameters listed are the 

observed maximum sea level during the event, the maximum surge value and a brief 

description of the meteorological event, such as the track of the cyclone and the core 

pressure (IDWR and Mausam, 1974 - 1988) that occurred during the surge event.   

(ii) Statistical analysis of hourly tide gauge data 

The preliminary analysis, in which three storm surges were identified and 

described by Sundar et al. (1999), motivated us to look into the entire data set and make a 

statistical analysis. The statistical analysis is primarily meant for determining the 

probabilities of occurrence of extreme sea level and estimating their return periods.  This 

analysis was done for three stations along the east coast of India, namely, Paradip, 

Vishakhapatnam and Chennai (Unnikrishnan et al., 2004).  Two independent methods 

were applied, namely, (i) annual maximum method and (ii) joint probability method. A 

brief description of the methods used is given below. 

Annual maximum method 

 This method uses the annual maximum values in several years to fit an extreme 

value distribution.  Based on the cumulative probability distribution, return periods of 

extreme events can be evaluated. A basic description of the method may be found in 

Bury, K. (1999).  In the present work, we used the Gumbel distribution for extreme sea 

level analysis. In Gumbel method, cumulative probability density function F(x) can be 

expressed as 

F(x; µ,σ) = exp [– exp {-(x-µ)/σ}]                   (2) 
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with σ > 0,       -∞ < x, µ  < ∞ 

where µ and σ are the parameters of the distribution. 

r-largest method 

The classical annual maximum method described above for extreme sea level 

analysis has a disadvantage that only the highest value of sea level in a year is used and 

the remaining data are not considered.  It is possible that more than one storm occurs in a 

year. Moreover, a successful application of the annual maximum method requires many 

years of data, say, at least 30 years (Pugh, 1987).  In order to overcome this disadvantage, 

Smith (1986), Tawn (1988a) extended this theory for the development of  r-largest annual 

maximum method, in which, ‘ r ’ values of extreme sea level are used for each year of 

observations. This allows incorporating more than one storm event in a year and thereby 

obtaining more reliable estimates of return periods using less number of years of data 

than the classical method. The software developed by the Proudman Oceanographic 

Laboratory, U.K. for r-largest annual maximum method was used in the present work. 

The details of computations are elaborated in Dixon and Tawn (1994).  

Joint probability distribution (JPM) 

 Joint Probability Method (JPM), introduced by Pugh (1980), was modified later 

by Tawn and Vassie (1989). The method consists of estimating the joint probability 

distribution of surge and tide for the entire series.  A brief outline is given below. 

 From the observed sea level series, tides are predicted (Equation 1) and separated. 

Thus, the hourly series of tides and surges are constructed from observations. Assuming 

that tides and surges are independent, the joint probability density function can be defined 

as the product of the individual probability density functions of tides and surges. 
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Thus, joint probability function p(z) can be expressed as   

p (z) =-∞ ∫ ∞  p (z-y) p(y) dy                      (3) 

where p(z-y) is the probability due to tide and p(y) is the probability due to surge. 

 From this, the probability that the sea level is less than x is expressed as  

F(x) =-∞ ∫ x p (z) dz                                 (4) 

The return period is defined as the expected time between independent exceedences of 

the level x.  Based on the previous analysis for British coasts, return period in years may 

be taken as the inverse of probability (Pugh, 1987).  

                 T(x) = [N (1-F(x))]-1                            (5) 

where T(x) is the return period, N is the total number of hourly observations per year  

(N=8766 for a non-leap year). 

Revised Joint Probability method (RJPM)  

Tawn and Vassie (1989) introduced the revised joint probability method by 

modifying the JPM.  They introduced a parameter called extremal index (θ) and included  

an approximation for the tail of the surge distribution by parametric method. If Y1, 

Y2,…Yn  are the sea level in a series of n values, 

P {max(Y1,…,Yn) <  x} =Fn  θ(x)(x)                    (6) 

 θ(x) is the extremal index, defined as the expected number of hourly observations of the 

process above the threshold x on each independent excursion above x. 

   The return periods in RJPM will be 

T(x) = [Nθ (x) (1-F(x))]-1                                     (7) 
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Approximating the tail of the surge distribution 

Information of probabilities and return periods may be often required for the 

extreme sea levels that are beyond the observed values. In RJPM, to determine these 

probabilities, the tail of the surge distribution is estimated by a parametric method (Tawn 

and Vassie, 1989). A probability distribution for surges is constructed based on the r- 

largest method.  

The Gumbel distribution H(x) can be expressed as 
 

H(x) = exp [-(exp-(x-µ)/σ)]         (8) 
 

The parameters can be determined from 
 

σ    =  r -1  Σ (Xi – Xr )                              (9) 
 

µ  = σ log (r ) + Xr                                  (10) 
 

where X1 > X2 >……………> X r 
 

   The Gumbel distribution H(x) is related to Fs (x) by 

H(x) = Fs Nm θ
s (x)                        (11) 

 
Fs (x) = H1/ (Nm θ

s
 ) (x)                            (12) 

 
  
where θs is the extremal index for surges and m is the total number of years. A 

probability density distribution for surges is constructed for the tail of the surge 

distribution based on the r-largest method (Tawn and Vassie, 1989) and for the tail of the 

distribution Fs(x) is calculated, as 

Fs(x)  = (σ N m θs )-1 exp [- (x-µ)/σ]          (13) 
  
To summarise, a non-parametric approach is used for determining the joint distribution, 

except for the tail of the distribution, where a parametric method is used. From the 

estimated tail of the distribution, computation of joint probability is repeated.  



 

13 

 For the RJPM, the software was prepared in the institute based on the theory 

described above. For Gumbel analysis, the software developed in the Proudman 

Oceanographic Laboratory was used. 

Task 2: Impacts of cyclones and storm surges along the Indian coasts 

(i) Source of information 

As part of the present project, the information on the damages caused by Lows, 

Depressions, Cyclones, which are collectively called Low Pressure Systems (LPS),  

during the period from 1949 to 2000 were assembled into a data base (Annexure –III, 

Volume II). The source of this information is the journal “Mausam” published by the 

India Meteorological Department, New Delhi.  This journal was started in 1950 and was 

called “Indian Journal of Meteorology and Geophysics” up to 1974.  It was renamed as 

“Indian Journal of Meteorology, Hydrology and Geophysics” in 1975 and was renamed 

again in 1979 and since then has been called as “Mausam”.  

 Initially the journal has not been furnishing much information on the low pressure 

systems. Only events like very heavy rainfall, breach of rail and road links, 

telecommunication failure and similar were listed.  Up to 1959 even this information was 

only a part of a column called “notes and events”.  In 1960, an exclusive column called 

“weather” was started.  One could get comprehensive report on summer, monsoon, post 

monsoon and winter from that column.  It was giving the rainfall, low pressure systems, 

upper air data, etc.  In 1973, another feature was started in the journal called “cyclones 

and depressions”, which gives information on the formation, advancement and landfall of 

the depressions and cyclones and their impacts. 
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 Most of the tide gauges along the coast of India, which are installed by Survey of 

India and maintained by the respective port trusts, are of the Stilling well-Float type. 

Through a procedure called the “Zero measurement”, the observed sea levels are verified 

periodically on a routine basis. The clock mechanism in this type of gauge is a 

mechanical one.  During the passage of severe LPS, sometimes the tide gauges collapse 

or malfunction due to the onslaught of the event.  Installation of the acoustic type gauges 

has started recently and is still on an experimental basis.  These new gauges give better 

data in terms of frequency and accuracy of values. But most of the present gauges render 

no useful data during the catastrophic events.  The necessity of commissioning of robust 

tide gauges, which are capable of recording the sea levels even at the extreme weather, is 

often felt while studying the storm surges. During some of the severe cyclones, the 

instruments in the meteorological observatories break down leading to non-availability of 

the data during that period. 

 A Severe Cyclone Storm with a Core of Hurricane winds crossed the Andhra 

coast near Nizampatnam on 19th November, 1977 and during the landfall even the 

anemometer of the meteorological observatory in the vicinity was blown off. During 

another event, a Severe Cyclonic Storm crossed near Sriharikota on 14th November 1984 

and the nearest tide gauge at Chennai broke down for several days.  It has always been a 

tough task to get all the information at one place for analysis.  Hence better 

instrumentation support along the east coast, which faces more frequent attacks of the 

Low Pressure Systems, is essential to get good meteorological and sea level data. 
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(ii) Salient features of the data base 

In this section, the norms followed while assembling the data base and the 

structure of the data base are mentioned. The changes in terminology used and other 

features of the data base of past five decades are given below. 

 As the present study is on the impact of the LPS along the coastal regions of 

India, the damages caused in the proximity of the area of landfall alone are accounted 

here.  For example, a cyclonic storm crossed Sundarbans on 18th May 1958, weakened to 

a Depression and due to which there was heavy rainfall in Assam leading to dislocation 

of normal life and rail and road link was cut-off. Brahmaputra was in spate and many 

buildings collapsed. But no damage in the landfall area is reported in Mausam. Hence this 

document reports no damages caused by this low pressure system. 

 In the present report, LPS which did not cross the coast are not mentioned. 

However, severe LPS events like Cyclonic Storm and of higher severity are reported here 

as they had caused considerable damages to the nearby coast. The LPS events that 

formed and diffused over the land do not figure in this report. 

(iii) Structure of the data base 

 The first column of the report gives the date on which the landfall of the LPS had 

taken place. The regions mentioned in the data base may be found in Fig.1 & 2. The LPS 

events that formed and diffused over the land do not figure in this report. The second 

column gives the description of the event. While describing the event, the formation, 

development and the landfall details are given. If the system had diffused over the sea 

itself before landfall, then the details of the diffusion are given with the location of the 

event.  In case of a LPS, which formed and diffused over the sea itself before landfall, the 
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date on which the LPS attained its maximum severity is given. Loss of human lives and 

livestock are given in the third and fourth columns respectively. The third column gives 

the details of the number of the injured persons also.  The details of the cattle loss do not 

figure in the Mausam journal mostly unless the LPS event was a grand one and has 

caused a big havoc. The fifth column gives the details of the infrastructural damages like 

collapse of the buildings and telecommunication, disruption of rail and road links, 

industry damages, harbour damages, etc.  The sixth column gives the details of the 

agricultural losses alone, like loss due to inundation of the crops, loss due to saline water 

intrusion, sand cast, etc.  The financial loss shown in figures in the present document is 

the same as that is mentioned in Mausam and is based on the estimates at the time of loss.  

These values need to be normalized for comparison.  The seventh column is the remarks 

column, which gives details such as the surge height, the minimum barometric pressure 

estimated or observed, the maximum wind speed estimated or observed. 

Miscellaneous information 

 The information contained in this document were compiled from issues printed 

over a long span of 50 years, during which period not only the format of the journal had 

changed, but the units of the parameters measured also. We decided to give the figures in 

the same units as they are found in Mausam.  Hence one may find the distance of a LPS 

from the coast mentioned in “miles” initially and in the later part of the document in 

“kilometers”. Similarly, wind speed was given in “miles per hour” and changed later to 

“knots”.  Atmospheric pressure is mentioned in “millibar” (mb) and later in “hPa”.  

Rainfall in “inches” is changed to “cm”.  The surge levels are found in “feet” and later in 

“meters”. 
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 The figures “lakhs” and “crores” are equivalent to “hundred thousands” and “ten 

millions” respectively. 

 We have followed the following abbreviations to mention the Low Pressure 

Systems, which itself is abbreviated as LPS. 

LP Low Pressure 

D Depression 

DD Deep Depression 

CS Cyclonic Storm 

SCS Severe Cyclonic Storm 

SCH/ 
VSCS 

Severe Cyclonic Storm with a core of Hurricane winds/ 
Very Severe Cyclonic Storm 

SUCS Super Cyclonic Storm 

 
The span of 50 years brings changes in political boundaries and names also.  After 

1971, the part of the world called East Pakistan is mentioned as Bangladesh.  Similarly 

the names Madras state and Tamilnadu state mean the same place.  Madras and Chennai 

are one and the same.  At some places in the document, Tamilnadu and West Bengal are 

abbreviated as TN and WB respectively. 

For the period June to December 1971, the details of impact from Mausam could 

not be obtained fully and hence the information furnished for the above said period is 

vague and superficial. 

Task 3: Estimates of sea level rise along the Indian coasts 

 One of the methods to get regional estimates of sea level rise is by analysing the 

past tide gauge data at different ports. Even though the rate of increase in sea level in the 

past century need not be the same as the rate of increase in the present century, these 
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estimates do serve as indicators of the long term changes in sea level. However, changes 

in sea level can also occur due to vertical movement of land; these effects have to be 

included while estimating a net increase in sea level. 

 Estimation of sea level rise along the Indian coasts is not fully resolved. Some of 

the coastal regions are known to be tectonically active and measurements on the land 

subsidence rates are not available in these regions. So a net sea level rise can be estimated 

only when the rates of vertical movement of land become available.  

Analysis of tide gauge data  

 Emery and Aubrey (1988) analysed the tide gauge data along the Indian coasts.  

Their analysis included all the stations. However, they considered only five stations for 

determining the sea level rise, since the results in some stations did not have statistical 

significance. Moreover, in some stations, which lie in the northern side of the east coast, 

the occurrence of storm surge events affected the monthly mean sea level data. Excluding 

these stations, Emery and Aubrey considered only five stations, where the estimates 

could be considered as indicators of sea level rise.  Even for these stations, the problem of 

estimating a net sea level rise is not resolved. Some of the coastal regions are known to 

be tectonically active and the land subsidence rates are not available for these regions. So 

a net sea level rise can be estimated only when the rates of vertical land movement 

become available.  
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Present analysis 

 In the above analysis, the tide gauge data upto the year 1982 were considered. We  

included the recent data upto the year 1996 and carried out the analysis for a few selected 

stations. This has been useful for some stations, in particular, where the data record was 

short in the earlier analysis.   

The monthly mean sea level data upto the year 1996 was downloaded from the 

website of Permanent Service for Mean Sea Level. A five-point moving average was 

applied to the data and a least square fit was made (Fig. 8).  

 
Task 4: Analysis of regional climate model (HadRM2) data 

 
In the present study, the results of the regional model HadRM2 were analysed to 

determine the frequency and intensity of tropical disturbances in the northern Indian 

Ocean. The HadRM2 model output for the northern Indian Ocean region was provided by 

the Indian Institute of Tropical Meteorology, Pune (Rupa Kumar et al., personal 

communication). The region of analysis extends from 58.54 0E to 101.4625 0E and 3.273 

0N to 36.018 0N and the data are available for each day during 2041-2060. The grid 

resolution of the model is 0.4425 × 0.4425 with a total of 98 × 76 grid points. Two model 

simulations are available, one for the control run and another for a run with doubled 

green house gases (GHG). These two results were compared in order to study the 

possible effects of climate change. The parameters analysed are the sea level pressure, 

winds at 850 hPa and air temperature (1.5 m.). We also analysed the total precipitation 

data at some selected coastal stations.  
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(i) Surface pressure fields 
 

The surface pressure distribution was viewed using ferret 

(http://ferret.wrc.noaa.gov) for each day and the number of cyclones and depressions 

found were documented for the entire period 2041-2060. During the period of the 

evolution of each storm, the minimum sea level pressure in the system and the maximum 

wind speeds were noted and tabulated. Based on these values, the maximum wind speed 

and minimum pressure associated with each cyclone were tabulated.  

The disturbances identified were classified into Lows, Depressions, Cyclones etc. 

based on the classification norms of the India Meteorological Department. This 

information is used to determine the frequency distribution of cyclones in the control run 

and doubled GHG run.  

(ii) Simulation of storm surges using HadRM2 winds 

 A storm surge model was developed for the Bay of Bengal for simulating the 

surges forced by HadRM2 winds. The model was developed from the basic code of the 

barotropic model, developed earlier in the institute (Unnikrishnan et al., 1999) for the 

simulation of tides and tidal currents. The model uses vertically integrated equations of 

momentum and the equation of continuity in Cartesian co-ordinate system. This original 

code, developed for the propagation of barotropic tides in shallow water, was modified 

by incorporating the wind stress terms in the momentum equations and making use of a 

radiation boundary condition along the open boundary. The radiation boundary condition 

used is the same as that given in Flather (1994). The model results for three simulations 

were tested with observations (not presented in this report). The sea surface elevations 

simulated by the model were compared with observed sea level during these events at 
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Paradip and Vishakhapatnam and found that the model reproduced the observed surges 

fairly well. This prompted us to use the model for the simulation of storm surges forced 

by HadRM2 winds.      

The vertically integrated equation of continuity (14) and equations of momentum 

(15, 16) in Cartesian co-ordinates x and y can be written as  

 

∂η     +  ∂U    +  ∂V        =           0                                             (14) 
∂t           ∂x        ∂y                       
 
 
∂U    +  ∂(uU)   +  ∂(vU) − fV  = −g (h+η) ∂η 
∂t             ∂x          ∂y                                  ∂x  
 
                                                + τsx    − g U (U2 +V2)1/2               (15) 
                                                   ρ0                C2 H 
                                                          
                                                                                        
∂V    +  ∂(uV)   +  ∂(vV) + fU  = −g (h+η) ∂η                             (16)                  
∂t             ∂x          ∂y                                  ∂y  
 
                                                + τsy       −  g V (U2 +V2)1/2      
                                                   ρ0                  C2 H 
                                            
                                                                                                                                                                                                                        
Where η is the surface elevation with reference to the undisturbed water level; u,v are  

depth averaged velocity components in x and y directions and U and V are the 

corresponding transports. H=h+ η, where h is still water depth. τsx and τsy are the wind 

stress components in x and y directions. C is the Chezy coefficinet and g is the 

acceleration due to gravity.  ρ0 is the density of water. 
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Task 5: Return period estimates in future scenario 

This section deals with the flood risks associated with sea level rise. We estimated 

the changes in return periods of extreme sea level that could occur in future in the event 

of sea level rise.  

For evaluating the impacts of sea level rise on the return period estimates, we 

made calculations of return periods assuming that an increase of sea level, say, 24.1 cm, 

occurs by 2050, obtained from HadCM2 and HadCM3 projections of sea level rise (see 

Fig.7). As a first approximation, assuming that the occurrence of cyclones remains the 

same in future, the r-largest analysis described (Task 2) was performed again by adding 

this uniform increase of sea level to all values. In this calculation, we did not incorporate 

the trends from year to year. Fig.20 shows a comparison of the return period estimates for 

Paradip, Vishakhapatnam and Chennai respectively during the present scenario and for 

the year 2050. 

The impacts associated with flood risks was studied by Nicholls et al. (1999) by 

estimating  a term called flood envelope, defined as Eflood = H1000  –  H1, where H1000 and 

H1 are the return levels for 1000 year and 1 year return periods respectively.  Nicholls et 

al. (1999) noted that for most coastal regions, Eflood is less than 1 m. An increase in sea 

level of similar magnitude will imply that an extreme event occurring once in 1000 year 

at present will occur once in 1 year after the sea level rise. 
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KEY RESULTS 
 
  
 
Task 1: Identification of extreme sea level events from tide gauge record 

and estimation of their return periods 
 
(i) Identification of extreme sea level events 
 

The extreme events identified during the period (1974-1988) are presented in the 

form of tables in the first report called “Report on Scenario ’’ (Anonymous, 2002a). They 

are also presented in Annexure- II (Volume II) of this report. In these tables, the 

parameters listed are the observed maximum sea level during the event, the maximum 

surge value and a brief description of the corresponding meteorological event, such as the 

track of the cyclone and the core pressure (IDWR and Mausam, 1974-1988) that occurred 

during the surge event.   

A typical storm surge event and the corresponding meteorological fields are 

shown in Fig.3a, b & c. Fig.3a shows the track of the cyclone and Fig.3b shows the 

evolution of surface meteorological fields during this period from the NCEP/NCAR 

reanalysis data. When a severe cyclone crossed the coast of Orissa at Puri, south of 

Paradip on 7 August, 1981, the signatures of surges are seen not only in Paradip, but at 

Vishakhapatnam as well, with Chennai record showing insignificant magnitudes. The 

maximum magnitudes of surges at Paradip and Vishakhapatnam are 95.0 cm and 30.0 cm 

respectively. However, for all the events identified during this period, some do not have 

signatures at more than one station. For example, in the cyclone during June 1982 

(Fig.4a,b), the surges occurred in Paradip only with practically no signatures found in 

Vishakhapatnam (Fig.4c).   
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Fig. 3a.  The track of the Cyclonic Storm which had the landfall near Puri
on 7-8-1981.
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Fig. 3b.  Atmospheric pressure at mean sea level and winds at 10m (NCEP/NCAR
Reanalysis Data) during the period of landfall of Cyclonic Storm near Puri on
7-8-1981.
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