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Abstract: The climate change induced by global warming is predicted to change the rate of sea level rise (SLR) and that of shoreline shifts.
In this study, the SLR as well as the resulting retreat of shorelines has been predicted at a series of locations along the Indian coastline to
understand the future of India’s beaches. The beach segments near 13 major ports where increasing infrastructure requirements are likely
to arise in future are considered. The future SLR is predicted on the basis of an ensemble of general circulation models corresponding to
stabilized and worst-case global warming scenarios. This showed that the rate of absolute SLR would be in the range 3.38–5.16 mm/year
with a mean of 4.56 mm/year for the stabilized scenario called representative concentration pathway (RCP)-4.5 and 5.36–7.2 mm/year
with a mean of 6.63 mm/year for the worst-case RCP-8.5 at the selected locations. The maximum rate of SLR could be experienced near
the New Mangalore port area while the minimum could be seen near the Chennai and Ennore ports. Additionally, Cochin and Tuticorin
ports could also experience the same SLR as the New Mangalore port for the RCP-8.5 scenario. The shoreline recession in response to
SLR was evaluated using Bruun’s rule. The results of Bruun’s rule indicated that the future recession of shorelines at selected coastal stretches
might vary between 14.10–29.22 m and 21.05–45.40 m up to the year 2100 for RCP-4.5 and RCP-8.5 respectively. Similarly, by this time,
area-wise maximum horizontal inundation could happen near the Mumbai port region, although it is the Port Blair area where the maximum
percentage increase in horizontal inundation could be experienced for both the scenarios. In general, as compared to the west coast locations,
the east coast sites would undergo smaller area inundation due to relatively lower SLR and resulting shoreline change. DOI: 10.1061/(ASCE)
WW.1943-5460.0000586. © 2020 American Society of Civil Engineers.
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Introduction

The earth’s temperature has been continuously rising as a result of
global warming induced by human intervention in the atmospheric
processes. The rise in temperature creates corresponding changes in
coastal environment and affects air pressure, wind, waves, littoral
drift, and shoreline shifts. In addition, the melting of ice caps, ice
sheets, and glaciers in polar regions and the thermal expansion of
seawater give rise to an increase in local and global sea levels.
The mean sea level (MSL) has astronomical as well as
meteorological-oceanographic (met-ocean) components. The
met-ocean component is due to effects of factors like local wind-
and tide-induced currents and their circulation or the effect of
shoreline proximity. Historically, the annual mean rate of globally
averaged sea level rise (SLR) was 1.7 mm/year in the years be-
tween 1901 and 2010, and 3.2 mm/year between 1993 and 2010
(IPCC 2013). The reported higher rate of the latter period is sup-
ported by tide-gauge and satellite altimeter data. By the end of
this century, the global SLR could be 1 m or more as per different
scenarios of climate projections (Church et al. 2013). The regional
SLR might, however, be higher or lower than this (Jevrejeva et al.
2012; Mori et al. 2013) and would be site-speci�c depending on the

local sea basin shape, bed topography, variations in currents, local
heating of sea water and its depth, water circulation, and fresh water
discharge into the sea (IPCC 2013).

As a result of SLR, coastal inundation as well as erosion can
happen. The higher water level enables the wind waves to act
more landward, increasing land erosion (Enríquez et al. 2017).
This can lead to a higher impact of waves on the shore and reduce
the protective effect of nearshore bank systems, allowing larger
waves to attack the coast (MacDonald and O’Connor 1996). The
adverse impact of SLR can further happen in many different
ways including wetland loss and salinity ingress and changes in
the general ecosystem such as dislocation of marine plants and an-
imals and a rise in associated storm surge levels. The loss of man-
groves, in particular, can deprive the coast of physical protection
and the catch of certain �sheries, reduce carbon storage as well
as deplete medicinal plants and �rewood. Rising sea levels can
also affect the land use/land cover of the region and jeopardize
the safety of marine structures and that of their operations
(Cheon and Suh 2016; Sierra et al. 2017). A signi�cant impact of
SLR can be felt at or near the ports since they are located along a
coast or an estuary and are subjected to high developmental activ-
ities. Typically, for the Barcelona harbor, Sierra et al. (2017) found
that the harbor inoperability time could be four times higher in fu-
ture than at present at some of its berths.

As per the Government of India’s Second National Communica-
tion to United Nations Framework on Climate Change (SNC 2012),
the country may experience a rise in the maximum temperature of
more than 1°C from the current level up to year 2050 and even up to
4.5°C by the end of this century. This is bound to create a cascading
effect on a variety of coastal environmental parameters. The past
works on SLR made for the Indian coasts indicate various levels
of SLR. One of the initial studies to estimate SLR along the Indian
coastline was performed by Emery and Aubrey (1989). This is
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followed by the work of many other researchers including Clark
and Liu (1994) and Shankar and Shetye (1999). Further, Unnik-
rishnan et al. (2006) estimated the general SLR to be in the order
of 1 mm/year but later Han et al. (2010) predicted higher SLR
for India than the global one because of certain enhanced circula-
tion patterns, typically of Hadley and Walker type. As per SNC
(2012), SLR of 9–88 cm is likely from 1990 to 2100. Based on
tidal data analysis for a northern coastal location, Kundu et al.
(2014) indicated a rise of 2.25 mm/year. Unnikrishnan et al.
(2015) analyzed 20 years’ altimeter data and found the SLR to
be in the order of 3.2 mm/year, except in northern and eastern
Bay of Bengal, where it was 5 mm/year. Naren and Maity (2017)
predicted future SLR at a few locations around the Indian coastline
using an index combining sea level pressure, air temperature, wind,
and rainfall data and estimated up to 3 mm/year SLR at the loca-
tions of Mumbai, Cochin, and Diamond Harbour.

More recently, Black et al. (2018) presented a comprehensive
analysis of historical tide-gauge and satellite data at coastal seg-
ments representing each coastal state of India. This indicated that
the rate of maximum SLR was in the order of 3.7 mm/year off
the (western) coast of Maharashtra State, which is higher than the
globally averaged SLR of IPCC (2013). For the east coast states
of Tamil Nadu and Puducherry, Ramachandran et al. (2017) pro-
jected a future cumulative rise of 0.5 m until the year 2100 based
on projected sea levels derived from the climate models.

It should be noted that a third of India’s population lives within
50 km of the shoreline and a 1.0 m rise in SLR can typically inun-
date 1091 km2 coast of the (eastern) state of Tamil Nadu (Byravan
et al. 2010). Peninsular India, divided approximately equally in be-
tween west and east coasts (Fig. 1), has 43% sandy beaches and
36% muddy �ats, and out of the total length of 5,422 km, around

23% is considerably affected by erosion (Sanil Kumar et al.
2006). The states of Karnataka and Kerala situated along the
west coast have the maximum percentage of sandy beaches
(75%–80%) followed by those of Tamil Nadu and Odisha sited
along the east coast (60%).

Objective of the Study

India has ambitious plans to develop its coastal infrastructure in-
cluding ports and harbors, power and sewage treatment plants as
well as roads and airports to cater to its rising population and eco-
nomic growth (Ministry of Shipping 2019). It is thus important to
study the impact of changing climate at and near the port areas. As
the resulting changes are purely site speci�c, such evaluations need
to be done on a case to case basis for given locations of importance
like major ports and tourist beaches.

The aim of this work is to study the climate change impact on
two important components of the coastal ecosystem, namely, sea
level rise and shoreline change, at the beach areas close to India’s
major ports where signi�cant commercial development is expected
to happen in the near future. All of the 13 major port locations have
been considered (Fig. 1) and local SLR has been predicted for fu-
ture time slices up to the end of this century based on an ensemble
of the climate models called general circulation models (GCMs).
Thereafter, the shoreline change as well as horizontal inundation
has been determined using Bruun’s rule. Although the focus of
this study is more on a stabilized global warming and response sce-
nario, the results are also computed for the worst-case scenario to
understand what would happen if such a severe situation is encoun-
tered in the future. A specialty of this study is that unlike many past
works it does not involve extrapolation of historical information but

Fig. 1. The Indian coastline and major ports of India. There are six ports along the west and seven along the east. The Chennai (no. 8) and Ennore (no.
9) are very closely located. The location of certain beaches is masked by the port locations due to the large scale. Port number and names: 1. Kandla;
2. Jawaharlal Nehru; 3. Mumbai; 4. Mormugao; 5. New Mangalore; 6. Cochin; 7. Tuticorin; 8. Chennai. 9. Ennore; 10. Vizag; 11. Paradip; 12. Haldia;
13. Port Blair. (Map data ©2020 Google, Mapa GISrael, ORION-ME.)
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uses projected data of SLR as well as that of wave climate gener-
ated as per the above-mentioned global warming and response
pathways. It should be mentioned that this work does not address
the impact of climate change on port operations but deals with its
effect on neighboring beach areas where large-scale infrastructure
developments are expected with growing import/export activities.

Material and Methods

The methods used in this work to determine the SLR for the future
and to evaluate resulting recession of the shoreline are explained in
the following.

Future Sea Level Rise

Future SLR has been determined in this study on the basis of a cer-
tain pattern matching approach in which the globally averaged sea
level change or pattern of SLR is scaled to a local level. The soft-
ware tool Simulator of Climate Change Risks and Adaptation Ini-
tiatives SimCLIM, version 4.9.411, developed by CLIMsystems,
New Zealand (Warrick et al. 2013) was used for this purpose.
One of the successful applications of this approach in India is
due to Ramachandran et al. (2017), who considered several loca-
tions along India’s east coast pertaining to the coastal states of
Tamil Nadu and Puducherry, and projected SLR at 25 year inter-
vals until the end of the century. As regards the projected wave cli-
mate required to evaluate the shoreline retreat, this is based on the
coauthor’s earlier work (Rajasree and Deo 2018). It may be noted
that the current work is mainly focused on studying �eld situations
in response to the climate change.

To obtain localized information, SimCLIM uses a pattern-
matching approach aimed at maintaining the climate change signals
derived from the difference in between future and past data. This is
done in preference to the common methods of statistical or dynam-
ical downscaling as they have the potential to sometimes create
changes in the signals. The pattern-matching technique can be ap-
plied at any location of our choice. The future global-scale patterns
belonged to climate data derived from the outcome of the project:
coupled model inter-comparison project phase 5 (CMIP5). An en-
semble (median) of monthly sea levels of 28 GCMs that were ear-
lier run for four global warming and response scenarios or
representative concentration pathways (RCPs) were involved in
creating a global database. The moderate and stable pathway of
RCP-4.5 and a severe pathway of RCP-8.5 have been used in
this work in preference to the milder situations. RCP-4.5 indicates
that the earth will be subjected to a stabilized radiative forcing level
of 4.5 W/m2 by the year 2100, contributed to by a temperature rise
of 2.4°C and greenhouse gas emissions of 650 ppm of CO2 equiv-
alent by the end of this century. Such stabilization in the green-
house gas emissions is presumed to be brought about by the
development of adaptable technologies and the adoption of suitable
strategies over the world to reduce the emissions. Similarly,
RCP-8.5 indicates that the earth will be subjected to a radiative
forcing level of 8.5 W/m2, contributed to by a temperature rise of
4.9°C and greenhouse gas emissions of 1,370 ppm of CO2 equiva-
lent by the end of this century.

Mathematically, at any given latitude and longitude, the normal-
ized monthly sea level is scaled to the global sea level with the help
of a normalized pattern, Z, typically given by

Z =
(Z2090 � Z1995) + �GSLR

�GSLR
(1)

where, Z2090 = average local sea level anomaly during 2080 to
2100; Z1995 = average local sea level anomaly during 1986 to

2005 as per local past data; �GSLR = (average global sea level
anomaly during 2080–2100) (average global sea level anomaly
during 1986 to 2005). All anomalies are measured above a com-
mon geoid datum. The sea levels from GCMs incorporate regional
variability due to changes in water mass advection as well as ther-
mohaline and wind-driven circulations. They also take into account
likely interannual variations in the monthly levels by an approach
based on pairing, typically, the month of maximum future SLR
with the month of maximum past SLR.

While the future SLR was thus based on GCMs, the past one be-
longed to the data bank of permanent service for mean sea level
(PSMSL) that provides monthly and annual long-term tide-gauge
data for around 2000 tide-gauge stations around the world from
the year 1933 onwards (PSMSL 2019). The tide gauges record
the sea levels relative to a land benchmark and this relative SLR
can be converted into an absolute one for uniform use by
GPS-measured or -modeled values of vertical land movement aris-
ing out of tectonic activates, land subsidence, and ground water ex-
traction. This work involves such absolute sea levels corrected for
vertical land movement.

It should be noted that the gauge data coming from different au-
thorities are stored in the form of metric data after performing qual-
ity checks. The checks are aimed at maintaining consistency in
between the monthly and annual means and also enable removal
of the outliers. The outlying values are those that are greater than
4.5 times the standard deviation obtained in turn from a linear �t
made to past data. The consistency across closely spaced stations
is assessed through spatial correlations. The resulting values are
benchmarked with a local land datum that is assumed to be 7 m
below MSL at each station so as to avoid negative values.

The Shoreline Retreat

Owing to the dif�culty of incorporating all casual factors affecting
the shoreline change, namely, wind, waves, currents, sediment
transport, storms, and coastal morphology, many past works on
shoreline erosion are based on consideration of only one or a few
of these, while predicting the long-term trends. The change in
shoreline in response to the SLR alone can be conveniently studied
using the empirical Bruun’s rule (Bruun 1954). The rule was pre-
sented in 1954 and has been widely used since then in original or
modi�ed forms (Dean and Houston 2016).

The Bruun’s rule is based on the assumption that the bed cross-
section or equilibrium pro�le always retains its shape. As the sea
level rises, the sand from the shore erodes and deposits into the pro-
�le, as a result of which it rises upwards. The shape of the pro�le,
however, depends on the wave characteristics and sand size among
other factors. The rule assumes that there is no landward sand trans-
port into the pro�le and that the sand particles, having a uniform
size, are in equilibrium with the given water depth. The Bruun’s
rule has limitations. For example, as the water depth increases,
the sand particles need to move landward in order to stay in equi-
librium in the larger depth, leading to some accretion that is not
accounted for. In addition, the sand may not be of uniform size
within the pro�le region since the offshore sand is �ner (Dean
and Houston 2016).

Despite such objections, Bruun’s rule has remained the most
widely used method for determining shoreline response to SLR
as pointed out recently by Udo and Takeda (2017). There are
many earlier studies as well that have supported the use of this
rule for practical purposes. Schwartz (1967) conducted two small-
scale laboratory experiments and �eld observations at Cape Cod,
USA and concluded that Bruun’s rule was a good �rst-order ap-
proximation of shoreline response to SLR. The Scienti�c
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Committee on Ocean Research Working Group (1991) indicated
that Bruun’s rule had been basically con�rmed by both laboratory
and �eld experiments, although it generally provides order-of-
magnitude projections of the shoreline recession. Zhang et al.
(2004) analyzed SLR and shoreline change for the coastal segment
from New York to South Carolina, USA, and concluded that there
was a good agreement between Bruun’s rule and observed ero-
sional trends. Recently, based on data of beach characteristics,
slope, and width, Ritphring et al. (2018) effectively assessed future
beach loss along Thailand’s coastlines against the SLR scenarios of
the project CMIP5 in 2080–2100, relative to the reference period of
1986–2005, by using Bruun’s rule.

The original Bruun’s formula relating SLR to shoreline retreat is
(Fig. 2)

�X = �S
W*

h* + B

� �
(2)

where �X = shoreline change; �S = sea level rise; W* = horizontal
extent of the active pro�le of sediment movement; h* = depth of
closure or the offshore boundary of sand movement; B = berm
height at the beach.

The depth of closure can be found by Hallermeier’s (1981) for-
mula, well tested through exhaustive �eld studies (Nicholls et al.
1996) and can be given as

h* = 2.28H �
s � 68.5

H �2
s

gT

� �
(3)

where H �
s = the signi�cant wave height lasting for more than 12 h

per year; g = acceleration due to gravity; T = corresponding wave
period.

The horizontal extent of the active pro�le can be determined
from Dean’s (1991) relationship between the equilibrium water
depth, h, and distance in the seaward direction, y, as

h = Ay
2
3 (4)

where A = the scaling parameter or pro�le coef�cient that depends
on mean sediment diameter: d50, which can be shown as (Kam-
phuis 2002)

A = [1.04 + 0.086* ln (d50)]2 (5)

In consonance with the recent work of Ritphring et al. (2018),
the berm height, B, in general, can be evaluated as

B = 0.125*H5/8
b *(g*T2

s )3/8 (6)

where Hb = breaking wave height, given as

Hb = Hs*(tan �)0.2*
Hs

Ls

� ��0.25

(7)

where Hs and Ts = mean of all signi�cant wave heights and periods,
respectively; tan � = beach slope (obtained by dividing the depth of
closure by the horizontal extent of the active pro�le); Ls = wave-
length corresponding to Hs (obtained from the linear wave theory
in this work).

The values of characteristic wave heights and periods for a fu-
ture period of time involved in Eqs. (3), (6), and (7) and applicable
at different coasts were extracted from the database of an earlier
work on numerical wave simulations for a future time period that
is discussed in detail by Rajasree and Deo (2018). These simula-
tions were done with the help of “Mike21 Short Wave” software
protocol from the Danish Hydraulics Institute. The numerical
wave model was forced by the projected wind coming from a
well-established GCM called Regional General Circulation
Model version 4 (REGCM-4). The details of other model input,
model validation, and simulation results can be found in Rajasree
and Deo (2018).

As mentioned earlier, there are a large number of studies that
have supported the Bruun’s rule with the help of �eld observa-
tions, although it involves certain assumptions and approxima-
tions, such as constant bed pro�le, uniform sand size,
equilibrium of sand particles with the given water depth, and no
sand accretion (Zhang et al. 2004). Considering its limitations,
many investigators have also proposed modi�cations to it to
take into account both seaward and landward sand supply over
and above the one required for maintaining the equilibrium pro�le
(Stive and de Vriend 1995). Dean and Houston (2016) further pro-
posed the use of sand sources, sinks, alongshore transport gradient
and onshore transport along with Bruun’s rule. As an alternative,
Ranasinghe et al. (2012) suggested a physical process-based
model, operating in a probabilistic framework to predict shoreline
recessions at century-scales. All these modi�cations or alterna-
tives to Bruun’s rule, however, require very large and varied
�eld data. At the 13 Indian sites considered in this work it was
very dif�cult to collect such data and hence the simple Bruun’s
rule, as supported by many recent works as discussed previously,
is followed instead.

In this work, certain coastal lengths adjacent to each port were
selected and the shoreline retreat is evaluated there. The computa-
tion of shoreline change at the exact port structures is avoided since
that will be governed more by the longshore sediment transport
brought about by the waves rather than sediment erosion from
beaches in response to SLR as envisaged in Bruun’s rule. The
choice of the shore segment is based on the presence of a sandy
beach and its length most closely located to the concerned port
area. This is exempli�ed in Figs. 3 and 4 for the cases of New
Mangalore and Chennai coasts, situated along the west and east
coasts, respectively. (Similar �gures of all 13 sites are available
in Patil 2019.) The range of various oceanographic and morpholog-
ical parameters involved in determining the shoreline retreat at all
the ports are shown in Table 1. Note that the characteristic wave
heights and periods indicated in the table were derived from the
projected future wave data.

As can be seen from Table 1, the Haldia port area, located at the
northern end of the east coast, was associated with smaller values of
characteristic wave height, period, depth of closure and its offshore
location, and also berm height. In contrast, the central east coast-
based Vizag port had higher wave (2.3 m) and berm heights, but
a lower bed slope. Note that the sediment size was uniformly

Fig. 2. De�nition sketch for Bruun’s rule. (Data from Dean and
Houston 2016.)

© ASCE 04020002-4 J. Waterway, Port, Coastal, Ocean Eng.

 J. Waterway, Port, Coastal, Ocean Eng., 2020, 146(5): 04020002 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Lu
nd

 U
ni

ve
rs

ity
 o

n 
06

/1
7/

20
. C

op
yr

ig
ht

 A
S

C
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
rig

ht
s 

re
se

rv
ed

.



considered as 0.2 mm and the resulting pro�le coef�cient as 0.09
for all port areas in the absence of localized information.

Results

The evaluation of future SLR and associated shoreline retreat as
well as determination of inundated areas near the selected port lo-
cations for both the scenarios are discussed below.

Sea Level Rise

As mentioned in the preceding section, the future SLR is calculated
as per the pattern-matching approach in which the globally aver-
aged sea level change or pattern of SLR is scaled to the local
level. The rate of SLR is derived for all of the 13 major ports in
India up to the end of the century, that is, the year 2100. The abso-
lute SLR, re�ecting the true SLR, was derived by subtracting ver-
tical land movement (VLM) available in the SimCLIM database. It
is seen that at all major ports the VLM is positive, indicating that
the land is rising. The minimum VLM was at the New Mangalore
port (+0.61 mm/year) while the maximum one (+2.25 mm/year)

was at the Chennai port. The cumulative absolute SLR up to the
year 2100 was calculated and plotted against the years varying
from 1995 to 2100 and a linear trend line was �tted. Fig. 5
shows an example of the trends obtained for the New Mangalore
and Chennai ports for the RCP-4.5 scenario. The statistical signi�-
cance of these trends at each port was assessed using the Mann
Kendall test with a signi�cance level of 5%. The underlying
Z-statistic obtained at each port varied between 14.02 and 14.10
and thus was higher than the Zcritical value of 1.96. In addition,
the p-statistic was found to be much smaller than 0.01. This showed
that the positive trends were statistically signi�cant.

The resulting SLR rates at all 13 ports are given in Table 2 for
both the RCPs and includes water and land components as well as
the total SLR. It can be seen that the future rate of SLR would be in
the range 3.38–5.16 mm/year with a mean of 4.56 mm/year for the
moderate scenario whereas 5.36–7.20 mm/year with a mean of
6.63 mm/year for the severe RCP-8.5. The maximum rate of SLR
will be experienced at the New Mangalore port along the west
coast while the minimum one at Chennai and Ennore ports situated
along the east coast. In addition to New Mangalore port, Cochin
and Tuticorin ports might also experience maximum SLR rate for
the worst-case scenario. In general, the east coast might encounter

Fig. 3. Selected beach segment at New Mangalore port (length of segment = 15.70 km). (Data from SIO, NOAA, US NAVY, NGA, GEBCO © 2019
Google Image Landsat/Copernicus.)
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a somewhat smaller rate of SLR than the west. This could be be-
cause of the effect of larger bed slopes and higher water depths
within the continental shelf of the east coast which in turn may
cause a smaller thermal expansion of the surface water due to
deeper thermal mixing. The much smaller rate of SLR speci�cally
at Chennai and at adjacent Ennore might be due to local current cir-
culation, reducing any accumulation of water volume. Further, the
shape of the local basin, topography of the seabed, changes in cir-
culation of currents, and river discharge into the sea are also other

reasons for site-speci�c variations in SLR. Shankar and Shetye
(2001) had earlier noticed such variability of SLR from the east
to the west coast. Unnikrishnan (2006) had indicated that the tap-
ping of low salinity water from the Bay of Bengal (east side) at Lak-
shadweep Island (lower west side) reduced its advection along the
northern Indian coasts lowering the correlation between eastern and
western coastal sea levels. As regards the Haldia port (towards the
northern end of the east coast), Nandy and Bandyopadhyay (2011)
noticed dampening of SLR due to very high siltation in the Hugli

Table 1. Range of various parameters involved in determining the shoreline retreat

Sl. No. Parameters RCP-4.5 RCP-8.5

1 Coastal length (km) 2.77 (Port Blair) – 26.60 (Mormugao)
2 Average beach width (m) 10.50 (Port Blair) – 112.25 (Paradip)
3 Signi�cant wave height, Hs� (m) 0.64 (Haldia) – 2.80 (Port Blair) 0.66 (Haldia) – 2.81 (Port Blair)
4 Signi�cant wave period, T (s) 2.83 (Haldia) – 5.94 (Port Blair) 2.88 (Haldia) – 5.95 (Port Blair)
5 Depth of closure (m) 1.10 (Haldia) – 4.83 (Port Blair) 1.14 (Haldia) – 4.84 (Port Blair)
6 Horizontal distance to depth of closure (m) 39.60 (Haldia) – 365.32 (Port Blair) 41.59 (Haldia) – 366.59 (Port Blair)
7 Average beach slope 0.013 (Mumbai, Vizag) – 0.027 (Haldia) 0.013 (Mumbai, Port Blair) – 0.027 (Haldia)
8 Berm height (m) 0.23 (Haldia) – 0.78 (Vizag) 0.24 (Haldia) – 0.94 (Port Blair)

Note: The name of corresponding port is shown within brackets.

Fig. 4. Selected beach segment near Chennai port (length of segment = 15.60 km). (Data from SIO, NOAA, US NAVY, NGA, GEBCO © 2019
Google Image Landsat/Copernicus.)
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estuary. The east–west variability can also be attributed to varying
seasonality effects (Jana et al. 2014), in that while the west coast is
subjected to a single south-west monsoon season, the east coast
faces both southwest and northeast monsoons.

In a parallel study initiated by the Asian Development Bank,
projections of SLR up to years 2050 and 2100 were calculated
for averaged and deeper geographical areas along the Indian

coastline (Black et al. 2018). The authors also report smaller
SLR off the eastern coastline, where the Chennai and Ennore
ports are located, as noticed in our work. The authors further report
a trend analysis of historic tide-gauge and satellite altimetry data
that showed that the minimum historical SLR rate was generally
in the range of 1.92–3.41 mm/year while the maximum was in
the range 2.46–3.68 mm/year. Another noteworthy �nding of
Black et al. (2018) is that in deep water the SLR was higher than

Table 2. SLR by the year 2100 at all major ports of India

Sl. No. Ports
VLM

(mm/year)

RCP-4.5 RCP-8.5

Relative SLR
(mm/year)

Absolute SLR
(mm/year)

Relative SLR
(mm/year)

Absolute SLR
(mm/year)

1 Kandla port (+) 1.39 6.15 4.76 8.33 6.94
2 Jawaharlal Nehru port (+) 1.11 6.10 5.00 8.26 7.15
3 Mumbai port (+) 1.11 6.10 5.00 8.26 7.15
4 Mormugao port (+) 0.79 5.82 5.03 7.88 7.09
5 New Mangalore port (+) 0.61 5.77 5.16 7.81 7.20
6 Cochin port (+) 0.75 5.87 5.12 7.95 7.20
7 Tuticorin port (+) 0.78 5.89 5.11 7.98 7.20
8 Chennai port (+) 2.25 5.63 3.38 7.62 5.37
9 Ennore port (+) 2.24 5.61 3.38 7.6 5.36
10 Vizag port (+) 1.27 5.49 4.22 7.43 6.16
11 Paradip port (+) 1.64 5.70 4.05 7.71 6.07
12 Haldia port (+) 1.04 5.76 4.70 7.8 6.76
13 Port Blair port (+) 1.47 5.92 4.45 8.02 6.55

Note: The ports with serial numbers 1–6 belong to the west coast and 7–13 pertain to the east coast. The positive sign indicates rising land and the negative one
shows sinking land.

(a)

(b)

Fig. 5. Examples of trends in SLR at (a) New Mangalore; and (b)
Chennai as per RCP-4.5. The linear trend equation is given along
with the SLR at the end of the century. The dotted line shows the �tted
linear trend while the solid line shows cumulative SLR.

Table 3. Shoreline retreat, area of inundation and percentage of beach
inundated near all the major ports until 2050 and 2100 for RCP-4.5 scenario

Sl.
No. Port Year

SLR
(m)

Shoreline
retreat

(�y) (m)

Inundated
qrea

(m2/km)

Percentage
of beach
inundated

1 Kandla port 2050 0.195 10.16 10,156 16.4
2100 0.478 24.90 24,896 40.2

2 Jawaharlal
Nehru port

2050 0.210 11.15 11,145 65.6
2100 0.502 26.64 26,643 156.7

3 Mumbai
port

2050 0.210 12.22 12,222 26.6
2100 0.502 29.22 29,216 63.5

4 Mormugao
port

2050 0.213 9.88 9,875 18.6
2100 0.507 23.51 23,506 44.2

5 New
Mangalore
port

2050 0.221 10.21 10,208 34.4
2100 0.520 24.04 24,037 81.0

6 Cochin port 2050 0.218 9.49 9,486 38.5
2100 0.516 22.47 22,473 91.2

7 Tuticorin
port

2050 0.217 8.16 8,161 29.8
2100 0.515 19.36 19,361 70.8

8 Chennai
port

2050 0.125 6.57 6,570 7.6
2100 0.334 17.61 17,609 20.2

9 Ennore port 2050 0.124 6.56 6,561 19.5
2100 0.333 17.58 17,577 52.2

10 Vizag port 2050 0.172 9.86 9,858 24.3
2100 0.423 24.18 24,179 59.5

11 Paradip
port

2050 0.161 8.93 8,926 7.7
2100 0.405 22.42 22,424 19.5

12 Haldia port 2050 0.197 5.86 5,856 18.0
2100 0.475 14.10 14,103 43.4

13 Port Blair
port

2050 0.181 11.43 11,432 108.9
2100 0.446 28.23 28,226 268.8

Note: The ports at serial numbers 1–6 belong to the west coast while all
remaining ones pertain to the east coast.
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the global average, which might be due to increasing circulation
patterns in the future (Han et al. 2010).

Shoreline Retreat

Based on the input from Tables 1 and 2, the SLR, shoreline retreat,
likely area of inundation (=normal-to-beach retreat × beach length),
and corresponding percentage of the inundated beach were deter-
mined for two intervals into the future, namely, 2050 and 2100.
This is given in Table 3. As an example of potential beach loss,
Fig. 6 shows the likely inundation at the beach segment selected
near the New Mangalore port for RCP-4.5. Note that only a se-
lected portion of the beach is highlighted considering the scale of
the �gure.

The values of SLR shown in Table 3 are based on GCM projec-
tions and the underlying SLR varied nonlinearly with future years
rather than linearly as exempli�ed in Fig. 5, which was referred to
earlier. It should be noted that any direct relation of SLR with the
extent of a horizontal shoreline retreat is dif�cult since the latter re-
sults from a variety of causal parameters including wave-induced
sediment transport and wind- and tide-induced currents (Le
Cozannet et al. 2014). However, as per Bruun’s formula, the retreat
should be more when SLR increases and also when the distance of
the closure depth from the shore increases. Similarly, the retreat
should be smaller when the depth of closure and berm height in-
creases. If the results of SLR obtained in this work and shown in

Table 3 are compared with those of Black et al. (2018), referred
to earlier, it can be inferred that the Indian state-averaged values
of SLR reported by them for the years 2050 and 2100 are higher.
However, it is to be noted that our study considers SLR at particular
locations rather than their regionally averaged evaluations and fur-
ther involves smaller water depths instead of 50 m as done in their
study. The present work, however, supports one of their �ndings
that in general the east coast may see a smaller and spatially non-
uniform rise in SLR.

As per Table 3, the shoreline retreat evaluated for the years
2050 and 2100 ranged between 5.86 m (Haldia) and 12.22 m
(Mumbai) up to 2050, and 14.1 m (Haldia) and 29.22 m (Mum-
bai) up to 2100 for RCP-4.5. The maximum area of horizontal in-
undation in future was found to be near the Mumbai port (where
SLR was also much higher) and this value was around 12,222 m2/km
for the year 2050 and 29,216 m2/km for the year 2100, respec-
tively. While the maximum area of horizontal inundation was
seen near the Mumbai port region, the maximum percentage of
beach inundation in the future was noticed near Port Blair and
this value will be about 109% by the year 2050 and 269% by
2100. This could be because of the vulnerable beach characteristics
at Port Blair located in the very small size Andaman Islands. It may
be seen from Table 3 that coastal areas likely to be inundated in fu-
ture are smaller in extent at the east coast than the west coast, and
this is consistent with the lower SLR and resulting shoreline shifts
over there.

Fig. 6. Likely inundation near New Mangalore port area as per RCP-4.5. (Note: the solid lines in the inset indicate potential inundation until years
2050 and 2100, respectively. For clarity only a small portion of the beach length is zoomed.) (Data from SIO, NOAA, US NAVY, NGA, GEBCO ©
2019 Google Image Landsat/Copernicus.)
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(a)

(b)

Fig. 7. Comparison of SLR at different ports evaluated as per RCP-4.5 and RCP-8.5 up to the years: (a) 2050; and (b) 2100.

(a)

(b)

Fig. 8. Comparison of shoreline retreat at different ports evaluated as per RCP-4.5 and RCP-8.5 up to the years: (a) 2050; and (b) 2100.
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The results indicated in Table 3 were based on a stabilized
global warming and response scenario represented in RCP-4.5.
For the engineering design of coastal infrastructures, such an opti-
mum choice of future climate conditions may be seen as appropri-
ate, since with continuously rising awareness and resultant future
planning, the worst-case scenario of RCP-8.5 may not necessarily
be experienced. However, in order to understand what would hap-
pen in case such severe situation did occur in future, we performed
additionally numerical wave simulations with wind forcing from
RCP-8.5 conditions and calculated the shoreline retreat and
beach inundation as a result. Figs. 7–9 present corresponding
total SLR, shoreline retreat, and percentage of beach inundation, re-
spectively. It was seen from these �gures that the realization of a
harsher RCP-8.5 could raise the total SLR, shoreline retreat, and
percentage of beach inundation to values ranging from 0.15 m to
0.25 m, 6.69 m to 14.42 m, and 9.4% to 127.3%, respectively, up
to the year 2050, and from 0.57 m to 0.76 m, 21.05 m to 45.4 m,
and 31.7% to 417.1% up to the year 2100, respectively. The plan-
ners and designers of the coastal ecosystems may like to keep such
a situation in mind.

Discussion

It is hoped that the �ndings of this study will serve as an input to
assess overall coastal vulnerability of the region near the major
ports of India. The work is generic in nature and can be replicated
elsewhere to carry out similar studies. Although the expected SLR
would happen over a course of time, the results of this work should
help in formulating adaptation and mitigation plans in a phased
manner. The work highlights the fact that the regulatory and mon-
itoring authorities should seriously undertake, in a time-bound

manner, appropriate coastal monitoring and restoration measures
such as inland rehabilitation of population, soft coastal defense
measures, wetland and mangroves protection, and strict adherence
to coastal regulation guidelines. Further, it is necessary to factor the
risk assessment due to climate change in overall developmental
plans of the regions involved.

As the issues involved are complex, this study relies on simpli-
fying assumptions implicit in Bruun’s rule to enhance the knowl-
edge on likely local consequences of SLR and shore erosion
affected by changing water depths and wave action. The study as-
sumes negligible change in beach pro�les in future, but it may be
noted that as per Enríquez et al. (2017), changes in beach pro�les
produce smaller effects on shoreline retreat as compared with
that in SLR and waves. Additionally, this work involves the use
of uniform sand size at all locations. As rivers can bring coarser
sediments onto a beach, at sites where such effects are predominant
the shoreline retreat may differ from the calculated quantities to
some extent.

The current level of knowledge of SLR predictions might need
an update when more information on ice �ow dynamics and result-
ing glacier movements, subsea surface warming pro�le, and
changes in wind patterns becomes available. It is dif�cult to
know when this might happen and whether such update would re-
ally translate into any signi�cant deviation from the current studies,
and hence stage-wise adaptation can always be attempted from the
studies like this with a provision to make a course correction, if
necessary.

Although as alternative to Bruun’s rule, sophisticated numerical
models do exist to understand changes in the coastal geomorphol-
ogy, they operate on a scale much different than the one truly suit-
able to understand the impact of climate change-induced SLR,
apart from their requirement of a variety of accurate data of various

(a)

(b)

Fig. 9. Comparison of percentage of beach inundation at different ports evaluated as per RCP-4.5 and RCP-8.5 up to the years: (a) 2050; and
(b) 2100.
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projected met-ocean parameters (Krishnamurti et al. 2000). In order
to validate the equilibrium pro�le concept assumed in Bruun’s rule
it would be necessary to collect high-resolution beach pro�les at the
selected sites and compare the same with corresponding values
given in Table 1. In the absence of such information, the same
was not done in this work.

The present work does not address the issue of vulnerability of
ports and adjacent areas. However, it should provide input for such
studies at these locations in which the coastal vulnerability is as-
sessed by using a variety of met-ocean and morphologic variables
as well by employing different socioeconomic parameters. An ex-
ample of such work at a few sites along the west coast of India can
be seen in Rajasree and Deo (2020).

Conclusions

The preceding sections discussed the SLR and associated shoreline
retreat close to13 major ports of India. The SLR projections up to
the end of present century were based on GCMs. The shoreline re-
treat was evaluated from modi�ed Bruun’s rule that incorporated
the projected wave climate.

The future rate of SLR as per the moderate warming scenario
was found to be in the range 3.38–5.16 mm/year with a mean of
4.56 mm/year and 5.36–7.20 mm/year with a mean of 6.63 mm/
year for RCP-4.5 and RCP-8.5 conditions, respectively. The max-
imum rate is likely to be experienced at the New Mangalore port
along the west coast and the minimum at the Chennai and Ennore
ports along the east coast. In addition to the New Mangalore port,
the Cochin and Tuticorin ports could also experience maximum
SLR rate for the worst-case scenario. In general, the ports along
the east coast might encounter a somewhat smaller rate of SLR
than those along the west coast. The local SLR at the Indian
ports was found to be higher than the global one.

In response to the moderate warming scenario of RCP-4.5, the
extent of shoreline retreat might vary between 5.86 m (Haldia)
and 12.22 m (Mumbai) up to 2050 and between 14.10 m (Haldia)
and 29.22 m (Mumbai) up to the year 2100. The maximum area
of horizontal inundation in future would be near the Mumbai
port with a corresponding value of around 12,222 m2/km by the
year 2050 and 29,216 m2/km by 2100. While such maximum
areal inundation could happen near the Mumbai port region, the
maximum percentage rise of the same might take place near Port
Blair and this could be about 109% by the year 2050 and 269%
by 2100. It was found that compared to the west coast, the east
coast would undergo a smaller areal inundation due to a relatively
lower SLR and resulting shoreline changes.

It was seen that the potential realization of a harsher warming
scenario of RCP-8.5 in place of moderate RCP-4.5 could raise
the total SLR, shoreline retreat, and percentage of beach inundation
to values ranging from 0.15 m to 0.25 m, 6.69 m to 14.42 m, and
9.4% to 127.3%, respectively up to the year 2050, and 0.57 m to
0.76 m, 21.1 m to 45.4 m, and 31.7% to 417.1% up to the year
2100, respectively.

Data Availability Statement

The future SLR has been determined in this study on the basis of
the software tool SimCLIM (version 4.9.411) developed by CLIM-
systems, New Zealand (Warrick et al. 2013). The code for wave
simulations pertained to a commercial software owned by Danish
Hydraulics Institute “(Mike21 Short Wave.)”
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Abstract
Coastal inundation due to storm tides is computed using ADvanced CIRCulation 
(ADCIRC) model along the east coast of India. Inland inundation due to storm tides is 
calculated every 10 km along the coast by using synthetic tracks as described in Rao et al. 
(Nat Hazards, 2019. https​://doi.org/10.1007/s1106​9-019-03804​-z). The cyclonic winds 
are computed using a maximum pressure drop of the cyclone based on a 100-year return 
period. The coast is mapped for the maximum possible extent of inland inundation with 
water levels at the district level. The influence of climate change impact as a result of 
global warming on the coastal inundation is evaluated by enhancing the intensity of the 
cyclones. Peak water levels of about 10–12 m are found along the north of Odisha coast. 
The most vulnerable region in terms of coastal inundation in the present scenario is found 
in the districts of West Bengal; however, they are the least affected by about 5–6% due to 
climate change scenario (CCS). The most affected inundated districts by more than 50% 
due to CCS are observed in the Godavari deltaic region in Andhra Pradesh. Though the 
water levels in the Ramanathapuram District in Tamil Nadu reach more than 8 m in any 
scenario, the region is unaffected by the coastal inundation due to high local topography. 
By examining the inundated area of different water levels, it is revealed that more than 75% 
of the total area is inundated with greater than 2 m water levels in the northern districts of 
Odisha and Ramanathapuram District in Tamil Nadu.

Keywords  Coastal inundation · Tropical cyclones · Storm tides · Climate change · 
Numerical model · Bay of Bengal

1  Introduction

Indian coasts, particularly the east coast of India, are frequently threatened by the tropical 
cyclones. The North Indian Ocean (NIO) experiences only 7% of global tropical cyclones 
activity (Mohapatra et  al. 2012). According to the India Meteorological Department 
(IMD), only 5–6 cyclones are generated per year in the NIO. Though the cyclone activity is 
comparatively less in the NIO, the impact is high in terms of coastal flooding. The intensity 
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of cyclones is seen increasing in the recent decades as a result of sea surface temperature 
(SST) rise (IPCC Report 2007; Niyas et  al. 2009; Sarthi et  al. 2015). In the developing 
countries like India, the coastal population is increasing mainly by urbanization of rural 
areas. In the context of climate change scenario (CCS), tropical cyclones and associated 
storm surges are some of the important issues affecting mostly the coastal community. The 
coast on the western part of the Bay of Bengal (BoB) gets a higher frequency of cyclones 
compared to that of the eastern part of the Arabian Sea (IMD 2018). Several regions along 
this coast are more susceptible to widespread coastal exposure in terms of coastal flooding 
due to storm surges (Murty et al. 1986; Dube et al. 2000). The presence of low-lying areas 
along the east coast of India and Bangladesh upturns the severity of flooding as a result 
of a rise in water levels during a cyclone period. As per IMD (2018) report (http://www.
rsmcn​ewdel​hi.imd.gov.in/image​s/pdf/publi​catio​ns/annua​l-rsmc-repor​t/rsmc-2018.pdf), 
the vulnerability map for cyclones prepared for each Indian coastal district demonstrates 
that some stretches along western BoB have a maximum number of cyclone hazard-prone 
districts.

The major river systems like Krishna and Godavari in AP, Mahanadi River in Odisha 
and Hooghly in West Bengal (WB) make the concerned coastal districts more vulnerable 
to sea level rise and the associated flooding. All the coastal districts are densely popu-
lated with 31 million people (2011 census), which is 35% of the total Indian population. 
It is important to know the quantifiable risk analysis in terms of horizontal extent and 
depth of the inundation for judicial planning, readiness and relief processes by the coastal 
authorities.

As per the latest report of IPCC (IPCC-2013a, b), the mean maximum wind speed of 
a tropical cyclone will increase by 2–11% in 100 years of time in the Atlantic and Pacific 
Oceans. It is observed in the NIO that the change in the wind speed rises by 2–8 m/s, which 
is consistent with the projection of 2–11% growth in the cyclonic winds as mentioned in 
Knutson et al. (2010). A recent study of Deo and Ganer (2014) indicates that there is an 
escalation in the intensity of tropical cyclones in the NIO over the past 15 years. In addi-
tion to this, Sahoo and Bhaskaran (2016) calculated a substantial rise in the accumulation 
of cyclone energy in the BoB since 1980. A possibility of an increase in the intensity of 
cyclones in view of global warming could also occur in the NIO.

Karim and Mimura (2008) describe storm surge flooding for western Bangladesh due to 
the impact of SST rise by 2 °C and sea level rise (SLR) of 0.3 m. Their analysis shows that 
the flood risk area would be about 15% more than that of the present. Similar study is made 
by Dasgupta et al. (2011) to estimate the exposure of developing countries due to future 
storm surge increases associated with more intense storms and a 1 m SLR. Hallegatte et al. 
(2011) highlight implications of the climate change to assess economic impacts at a city 
scale, particularly for the port city of Copenhagen, and found that SLR would significantly 
increase flood risk in the absence of any adaptation and mitigation strategies. A quantifica-
tion in storm surge risk is made by Shepard et al. (2012) with a moderate rise of 0.8 m in 
SLR by 2080 in Long Island, New York. This study suggests the effects of SLR in mak-
ing the risk analysis associated with the storm surges to ensure the safety of the coastal 
communities.

Coastal inundation is found considerably high in the low-lying land near the river 
mouth due to the combined effect of the river floods by typhoon-induced rains and back-
ward uplifting seawater floods from storm tides (Chen et al. 2012). The combined effect 
of SLR and land subsidence on the coastal flooding is studied due to storm tides in 
the Huangpu River floodplain for different return periods (Wang et al. 2012; Yin et al. 
2013). The study shows that storm flooding caused up to 40% more inundation, in the 
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absence of any adaptation measures, particularly in the upstream of the river. Hoshino 
et al. (2016) studied the risk of higher storm surges caused by the probability of a storm 
with an equivalent return period in the year 2100, coupled with different SLR scenarios 
around Tokyo Bay, which highlights that the dykes along this region could fail unless 
adaptation measures against climate change are considered. Significant shallow water 
tidal constituents are observed in the north-western BoB from HF radar data (Mandal 
et  al. 2018, 2020). These high-frequency tides along the coast may also contribute to 
the coastal inundation. Keeping in view of the recent studies carried out for different 
regions of the oceans in respect of intensity of cyclones in any possible CCS and also 
recent trends of the cyclones in the NIO, future projections of 2–11% increment in the 
cyclone wind intensity are adopted in the present study. The focus here is on the com-
putation of district-wise landward inundation associated with storm tides along the 
east coast of India. This study is particularly important in the river deltaic regions as 
many major river systems along the coast join the BoB. The present work is to study the 
impact of intensity of cyclones due to global warming on the coastal inundation based 
on the recent IPCC report. However, the impact of SLR, land subsidence and increase in 
SST in view of the global warming is not considered.

Earlier studies of Rao et al. (2010, 2013) demonstrated the ADCIRC model by con-
figuring for the coasts of Andhra Pradesh (AP) and Tamil Nadu. The model is validated 
for storm surges and associated inundation using the past cyclones data. A detailed 
study is made in Rao et al. (2019) to demonstrate the impact on the computation of peak 
water elevations due to tropical cyclones in response to climate change influence for the 
whole Indian coast. In that study, the highest total water elevations due to the collective 
influence of storm surges and tides are computed at every 10  km along the coast for 
different return periods and climate change scenarios. An attempt is made here to com-
prehend the effect of climate change impact on the coastal inundation resulting from the 
maximum total water elevations generated along the western part of the BoB by using 
the ADCIRC model. The study involves the computation of maximum extent of inland 
inundation along with water levels using the pressure drop of a 100-year return period 
by considering different CCS including the present. The reason for using the pressure 
drop of 100-year in this study is to simulate the maximum probable impact on the gen-
eration of storm tides and hence inundation. The coastal vulnerability assessment in 
terms of the extent of inundation along with maximum water levels would help for the 
preparation of a long-term policy planning in view of the climate change.

2 � Data analysis and methodology

As described in Rao et al. (2019), synthetic tracks are constructed using the past cyclone 
track database for each coastal district along the east coast of India. It is based on the 
inverse distance weighted method (Weber and Englund 1994; Nayak and Bhaskaran 
2014; Sahoo and Bhaskaran 2016). The computation of return periods for each district 
is made using historical cyclone data for statistical projections based on extreme value 
analysis (Gumbel 1958) of the pressure drop (Δp) values. The details of the Gumbel 
distribution are given by Rupp and Lander (1996). The maximum pressure drop for a 
100-year return period for each maritime state is given in Table 1. District-wise distri-
bution of cyclones along the east coast of India based on the past historical cyclone data 
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is depicted in Fig. 1. It may be seen that some coastal districts are prone to more num-
ber of cyclones. In general, it is observed that the frequency of cyclones is increasing 
towards northern coastal districts.

The finite-element-based hydrodynamic model, ADCIRC (Luettich et al. 1992), is con-
figured for the western BoB with a variable resolution of minimum of 200 m and maxi-
mum of 20 km in the shallow and deep waters, respectively, to calculate storm tides and 
accompanying inundation. The depth-integrated two-dimensional model is used for the 
simulation of water levels and currents over an unstructured gridded domain. The com-
putational domain covers the geographic region from 77° E to 92° E and 4.5° N to 24° N, 
comprising the entire coast of western BoB. The mesh is generated using Surface Mod-
eling System (SMS) software (https​://www.aquav​eo.com/softw​are/sms-surfa​ce198​water​
-model​ing-syste​m-intro​ducti​on). In Fig.  2, the mesh with variable grid resolution is 
depicted. The topography of 15-m contour line is considered in the computational domain 
in order to estimate the landward inundation due to the storm tides. The equations derived 
from incompressible Navier–Stokes equations under the assumption of hydrostatic pres-
sure and Boussinesq approximations solve for the water elevations and currents. The model 
bathymetry and onshore topography derived, respectively, from the 30-s GEBCO and 90 m 
resolution SRTM data, are depicted in Fig. 3. All the major river systems along the east 
coast including Krishna, Godavari, Mahanadi and Hooghly are represented in our model 

Table 1   List of maximum 
intensity cyclone for each 
maritime state

State Max. pressure drop (hPa) Max. wind 
speed 
(kmph)

West Bengal 75 228
Odisha 98 265
Andhra Pradesh 82 240
Tamil Nadu 66 204

Fig. 1   Frequency of land falling cyclonic storms district-wise during 1891–2018
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domain (Fig. 3). Though it may not represent the actual river depths, the flow of the gener-
ated storm tides will penetrate through the river, which may lead to flooding in the river 
deltaic region. However, the detailed land topography up to 15 m for each maritime state is 
shown in Fig. 4, which is used in explaining the extent of coastal inundation and depth of 
the water levels in the subsequent discussions.

To acquire a steady-state tidal solution, the model is initially integrated for about 60 days 
by advocating all the important tidal constituents (2N2, K1, K2, L2, M2, MU2, N2, NU2, O1, 
P1, Q1, S2 and T2) on the open boundary. The model tides were already validated against 
tide–gauge data in the study of Rao et al. (2019). The initial conditions for the storm surge 
simulations are drawn from the generated tidal solution. As the wind forcing is a vital input 
to the model for the generation of storm surges, the wind model of Jelesnianski and Taylor 
(1973) is used for deriving the cyclonic wind field by utilizing the information of pressure 
drop and radius of maximum winds. In this study, the radius of maximum winds for all the 
tracks is kept invariant as 30 km. The value is chosen based on a typical radius for any cyclone 

Fig. 2   Model mesh covering the east coast of India along with synthetic cyclone tracks
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in the Bay of Bengal (Mohapatra and Sharma 2015; Sharma and Mohapatra 2017). Based on 
the relationship proposed by Garratt (1977), the surface wind stress is explicitly prescribed in 
the ADCIRC model.

To delineate the wet and dry elements, a minimum depth of 0.05  m is prescribed with 
a horizontal eddy viscosity coefficient of 5 m2  s−1. The bottom friction coefficient consid-
ered for the simulations is 0.0015 using a hybrid scheme with a model time step of 2 s. The 
storm surges at the time of high tide are considered to get the maximum impact on the total 
water elevations (storm tides) along the east coast of India. As mentioned in Rao et al. (2019), 
the impact of CCS is seen by increasing cyclonic winds by 7% (moderate value) and 11% 
(extreme value).

Fig. 3   Bathymetry and onshore topography for the model domain
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3 � Results and discussion

Using the past cyclone tracks, synthesized tracks are composed for each district of all the 
four maritime states along the western coast of BoB as shown in Fig. 2. These tracks give 
the most probable direction of a cyclone that may happen for that particular district. The 
simulations are generated by moving the synthesized track of each district in parallel at 
every 10 km along the coast. The storm water levels and associated inland inundation are 

Fig. 4   Land topography up to 15 m for all maritime states along the east coast of India: a Odisha, b West 
Bengal, c Andhra Pradesh and d Tamil Nadu
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simulated for each track using the ADCIRC model. The maximum water levels (MWLs) 
are generated at the time of high tide to get the peak effect of tide–surge nonlinear interac-
tion. A composite representation of MWL and extent of inundation is portrayed for each 
district as an aggregate response of all the possible cyclone tracks crossing the region con-
sidering with and without the influence of climate change options.

After calculation of the storm tides, the water levels at each node over the coastal area 
are estimated by subtracting the local topography as the model simulations are referred 
from the mean sea level. The computations of MWL with coastal inundation in the case 
of normal (present) and different CCS are made for all the districts along the east coast of 
India. Figure 5 depicts the MWLs and inland inundation due to the landfalling cyclones 
within the Balasore District. The cyclones in this district generate high water levels along 
the coast as well as the extent of inundation in the southern districts of Bhadrak and Kend-
rapara. Before the cyclone landfalls in this district, cyclonic onshore winds generate more 
water levels and inland inundation in the southern districts. Generation of MWL at the 

Fig. 5   Composite depiction of maximum water levels due to all possible cyclones crossing Balasore Dis-
trict coast with a no climate change, b 7% increment in winds, c 11% increment in winds and d possible 
inundated area for all climate scenarios
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coast may be attributed to the concave shape coastline. In the present scenario (no climate 
change), the MWLs of about 10  m are simulated in the region of Dhamara in Bhadrak 
District as shown in Fig. 5a, where many tributaries of Brahmani River (near Dhamara) 
are joining the bay. These storm waters are penetrating much interior through the river sys-
tems, and hence the extent of coastal inundation is found up to 40 km. In the event of CCS, 
the MWL is increased by about 1 m and 2 m for 7% (Fig. 5b) and 11% (Fig. 5c), respec-
tively. Although the storm tides are increased by 1–2  m in the event of CCS, enhance-
ment in the associated inundation is not seen much effected as a result of local topography 
(Fig. 4a). Figure 5d shows the possible inundated area superimposed from all different cli-
mate scenarios for Balasore District including no climate change. It is important to note 
that the south of Balasore District is more affected by the normal scenario itself.

In Fig.  6, the MWL and associated inundation are shown for all the scenarios along 
the entire Odisha coast. The districts, south of Jagatsinghpur (Puri and Ganjam), are not 
affected by the inland inundation though the storm tides of about 4.0 m are simulated along 
the coast. The reason for not being inundated is the topography of this region, which varies 
between 8 and 15 m (Fig. 4a). It is seen that the region between the districts of Bhadrak 

Fig. 6   Composite depiction of maximum water levels due to all possible cyclones crossing Odisha coast 
with a no climate change, b 7% increment in winds, c 11% increment in winds and d inundated area for all 
climate scenarios
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and Jagatsinghpur is the most affected along this coast in terms of generation of high-
amplitude storm tides and associated inundation in all scenarios (Fig. 6a–c). River deltaic 
region and local coastline geometry play an important role in the generation of MWL in 
these districts. The MWL also causes more extent of inundation in this region as the local 
topography is low, varying between 1 and 4 m (Fig. 4a). The coastal inundated area for all 
the scenarios is shown in Fig. 6d, which shows that the northern districts are affected by 
the maximum inundated extent of about 50 km inside in the no-climate-change scenario, 
whilst it is the least affected by the CCS. This is attributed to the high local topography of 
about more than 5 m beyond the inundated topo line in the no-climate-change scenario, 
whilst the water levels in this region vary 3–5  m. However, the northernmost region of 
Odisha coast is affected by the coastal inundation in the CCS as the water levels increase 
by 2 m at the coast over the normal scenario. Moreover, a river tributary is joining the Bay 
of Bengal through which the enhanced water levels cause flooding in the region. These 
simulations are in general in agreement with that of Sahoo and Bhaskaran (2016) in which 
the coastal vulnerability is computed using a GIS-based approach for the Odisha coast.

Fig. 7   Composite depiction of maximum water levels due to all possible cyclones crossing West Bengal 
coast with a no climate change, b 7% increment in winds, c 11% increment in winds and d possible inun-
dated area for all climate scenarios
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Similar computations of MWL and corresponding coastal inundation are also shown for 
other maritime states along the coast. As shown in Fig. 7 for WB, the coast has the most 
complicated and irregular coastline geometry due to the presence of many river systems 
and its tributaries extending much interior of the coast. As a result, it is expected that the 
generated storm tides could easily travel longer distances through the Hooghly river sys-
tem, causing more inundation on either side of its banks. Both the districts, Medinipur and 
24 Parganas of WB, are affected by MWLs of about 8–9 m, causing vast area of inunda-
tion as shown in all the scenarios (Fig. 7a–c). As evident from Fig. 4b, large river deltaic 

Fig. 8   Composite depiction of maximum water levels due to all possible cyclones crossing Andhra Pradesh 
coast with a no climate change, b 7% increment in winds, c 11% increment in winds and d possible inun-
dated area for all climate scenarios
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regions are low lying with a topography varying between 1 and 6 m. As a consequence, 
most of these regions are inundated even in the normal scenario up to an extent of about 
130 km, which is the highest among all the coastal districts (Fig. 7d). The effect of CCS is 
not seen in terms of the extent of inundation. These simulations of storm tides and associ-
ated extent of inundation in the river system qualitatively agree with the computations of 
Gayathri et al. (2015) for the cyclone Aila in the head Bay of Bengal.

In the case of AP as shown in Fig. 8, three districts, viz. East and West Godavari and 
Krishna, are very prone to higher storm tides. More coastal flooding to an extent of 60 km 
is seen in the districts of Krishna and Guntur as they are located in the low-lying river 

Fig. 9   Composite depiction of maximum water levels due to all possible cyclones crossing Tamil Nadu 
coast with a no climate change, b 7% increment in winds, c 11% increment in winds and d possible inun-
dated area for all climate scenarios
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deltaic regions (Fig. 4c). As observed in Fig. 8d, the West Godavari District is only affected 
by the CCS as the MWL in the CCS generates between 5.6 and 7.6 m, which causes local 
inundation. In the southern maritime state of Tamil Nadu (Fig.  9), the region between 
Nagapattinam and Ramanathapuram is more affected by the storm tides and coastal flood-
ing. However, the region around Nagapattinam is more inundated (about 45 km landward) 
by the MWL of about 6.0 m as the topography varies between 2 and 5 m (Fig. 4d). Though 
the region of Ramanathapuram experiences about 8–10 m of water elevations, the associ-
ated extent of coastal inundation is restricted up to only 7 km near the coast and there is no 
inundation seen interior (Fig. 9d) as the local topography rises from 9 to 12 m. High eleva-
tions along this region are generated due to the local curvature of the coastline, and also the 
region is bounded by the Sri Lankan coast on the eastern side. Hence, the storm waters are 
trapped, causing high water elevations on either side of the coast.

Fig. 10   Maximum water levels (m) for all districts along the east coast of India for all possible climate 
change scenarios
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In Fig. 10, the MWL for each district along the coast for all possible scenarios is shown. 
An interesting observation is that all the coastal districts experience different kinds of water 
elevations varying between 2 and 12 m due to various factors that include the intensity of 
the cyclone, local bottom topography, local curvature of the coastline, etc. It is also noticed 
that three districts, viz. Pudukkottai, West Godavari and Bhadrak, experience more water 
elevations of about 2 m due to CCS.

High water elevations along the coast may not result in an increase in the inundated 
area of a particular coastal stretch. It is therefore interesting to see how much total area 
(in sq. km) is inundated district-wise for each scenario as depicted in Fig. 11a. As seen 
from the figure, each district experiences the vulnerability distinctly. Among all the 
districts, Medinipur in WB has got a maximum inundated area of about 11,000 sq km 
even in the normal scenario, mainly due to the low-lying region with complex coastal 
geometry of the Hooghly river system as mentioned earlier. In general, the north of 
Puri experiences more inundated area due to the large extent of low-lying topography. 
Table 2 provides district-wise information on probable MWL and associated inundated 
area in the present scenario. It also gives in terms of percentage of the enhanced water 
level and area of inundation for CCS over the present scenario. It is seen that the East 
and West Godavari districts, which are located in the deltaic regions of Godavari River 
and Puri in the Mahanadi river basin and are more affected by more than 50% in terms 
of the inundated area due to the impact of climate change. Though the increase in the 
water levels and associated extent of inundated area primarily depends on the local land 
topography and coastline geometry, the present simulations with the present and future 
climate change scenarios are in general consistent with the projections made by Yin 
et  al. (2013), Jisan et  al. (2018) and Chen and Liu (2016). To understand the vulner-
ability/severity of the inundated area, it is important to identify the total area of water 
levels less than 1  m, between 1 and 2  m and more than 2  m in all the possible CCS 
as shown in Fig. 11b. The percentage given on the top of the histogram provides how 
much additional area (in %) of more than 2 m is got inundated. It is observed that most 
of the coastal area in AP is experiencing the water levels only up to 2 m. Coastal areas 
of Odisha and WB are mostly inundated by more than 2 m with a maximum inundated 
area in Medinipur. Only Ramanathapuram District in Tamil Nadu gets inundated 84% of 
the total area with more than 2 m water levels. This would help in preparing a long-term 
development plan by the concerned stakeholders.
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Fig. 11   a District-wise inundated area along the east coast of India for all possible climate change scenarios 
b inundated area at different water levels
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4 � Conclusions

The east coast of India is often impacted by dangerous water levels caused by tropical 
cyclones. The ADCIRC model is therefore configured for the western part of the Bay of 
Bengal to study in detail the maximum water levels and extent of horizontal inundation due 
to storm tides. The simulations included for the present and different climate change sce-
narios due to the influence of climate change impact on the intensity of tropical cyclones.

Table 2   District-wise probable maximum water level (m) and associated inundated area (sqr. km) for differ-
ent scenarios

State District Probable maximum 
water level (MWL) and 
inundated area

Increased MWL and inundated area (in %) with 
respect to normal scenario

Normal scenario Moderate scenario Extreme scenario

MWL (m) Area (sqr. 
km)

MWL in % Area in % MWL in % Area in %

Tamil Nadu Kanyakumari 1.8 69 28 13 44 22
Tirunelveli 2.3 159 0 8 35 19
Thoothukudi 4.6 151 11 10 13 17
Ram-

anathapuram
8.2 836 13 1 18 4

Pudukkottai 7.7 664 19 3 25 11
Thanjavur 7.2 975 13 9 20 24
Tiruvarur 6.4 1088 6 3 22 13
Nagapattinam 5.7 2092 5 11 9 16
Cuddalore 2.2 184 9 2 14 6
Viluppuram 1.7 66 24 3 29 8
Kancheepuram 3.0 400 7 9 13 17
Chennai 4.4 441 16 13 16 21
Thiruvallur 4.2 563 14 2 19 6

Andhra 
Pradesh

Nellore 5.6 2458 4 0 21 14
Prakasam 5.4 3460 13 6 19 8
Guntur 5.1 2284 11 9 17 16
Krishna 6.7 2745 5 28 8 41
West Godavari 5.6 430 25 63 35 112
East Godavari 8.5 1510 6 34 9 53
Visakhapatnam 3.5 0 15 0 17 0
Srikakulam 3.3 101 6 0 9 30

Odisha Ganjam 3.4 0 12 0 18 0
Puri 3.5 1172 14 41 20 58
Jagatsinghpur 10.3 2502 7 11 10 13
Kendrapara 10.2 2973 8 6 16 9
Bhadrak 9.9 3196 12 3 20 8
Balasore 9.3 3746 10 4 15 10

West Bengal Medinipur 7.9 11,156 9 4 16 6
24 Parganas 8.0 4960 8 5 11 6
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It is seen that the river deltaic regions of Krishna, Godavari, Mahanadi and Hooghly 
along the coast are extremely prone to the higher water levels and maximum inundated 
area. The districts of Jagatsinghpur, Kendrapara and Bhadrak witness more than 11  m 
water levels in the extreme CCS. The simulations for Kanyakumari District suggest that the 
rate of increase in the water levels over the normal scenario is seen very high of about 28% 
in the moderate scenario and about 44% in the extreme scenario. Among all the four mari-
time states, the coastal West Bengal is the most affected region in terms of coastal inunda-
tion extending up to about 130 km inside. This is attributed to the presence of complex 
geometry of the Hooghly estuary with its many tributaries extending much interior into 
the land. It is also noticed that some districts, particularly East and West Godavari, Puri 
and Krishna, are affected in terms of coastal inundation by more than 40% due to the influ-
ence of climate change impact. Though the north of Odisha is the most affected inundated 
region in the present scenario, additional inundated area of about only 5–8% is simulated 
in the CCS. The study of mapping of coastal inundation along with water levels is first of 
its kind for the entire east coast of India. This information is an important component used 
to create a sustainable local level development action plan for preparedness and mitigation. 
It is also interesting to study in future the contribution of high-frequency tides along the 
north-western BoB and also the impact of wind waves on the coastal inundation.
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