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Abstract The eustatic sea-level rise due to global warming is
predicted to be about 18 to 59 cm by the 2100 (IPCC 2007),
which necessitates identification and protection of vulnerable
sections of coasts. Assessment of vulnerability level of
Andhra Pradesh (AP) coast as an example is demonstrated
in this study using five physical variables, namely coastal
geomorphology, coastal slope, shoreline change, mean spring
tide range, and significant wave height. A coastal vulnerabil-
ity index was prepared by integrating the differentially
weighted rank values of the five variables, based on which
the coastline is segmented into low-, moderate-, high-, and
very high risk categories. About 43% of the 1,030-km-long
AP coast is under very high-risk, followed by another 35%
under high-risk if the sea level rises by ~0.6 m displacing
more than 1.29 million people living within 2.0 m elevation
in 282 villages in the region.
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Introduction

The global average temperature is increasing over the past
century. It is generally believed that the Earth warmed from
~1900 to 1940, cooled slightly from ~1940 to 1965–1970
and then warmed markedly from ~1970 onward (Hansen et
al. 2001; Trenberth et al. 2007). While the global warming
in the past century was estimated to be 0.8°C, the rise in
temperature in the past three decades alone was 0.6°C at the
rate of 0.2°C per decade as greenhouse gases became the
dominant climate forcing in recent decades (Hansen et al.
2006; IPCC 2007; Rosenzweig et al. 2008; Wood 2008).
Even the reported cooling of global temperature from 1940
to 1970 is now considered due to instrumental bias in the
sea surface temperature record occurred around that time
(Thompson et al. 2008). The ramifications of global
warming both in physical and biological world, by and
large, reflect the impact of greenhouse gases (Rosenzweig
et al. 2008; Zwiers and Hegerl 2008). Arctic ice sheet is
rapidly retreating and if this trend continues the polar bear
population would decrease by two-thirds by the mid-
century (Courtland 2008). Comparing the altitudinal distri-
bution of 171 forest plant species between 1905 and 1985,
and 1986 and 2005 along the entire elevation range up to
2,600 m above sea level, Lenoir et al. (2008) observed that
the climate warming has resulted in a significant upward
shift in species optimum elevation averaging 29 m per
decade. The warming is also worsening the public health
problems such as the alarming spread of malaria in Africa
and elsewhere, and the increasing risk of respiratory
diseases and metabolic disorders owing to poor air quality
and rising temperatures (Hoyle 2008). Even the steep
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increase in food prices that are currently witnessed all over
the world is probably the first genuinely global effects of
greenhouse gas warming, as the demand for supplies is
aggravated by the drought in food-producing regions (Parry
et al. 2008).

Perhaps the most commonly recognized impact of global
warming is the eustatic rise in sea level (Allen and Komar
2006) due to thermal expansion of seawater and addition of
ice-melt water (Meehl et al. 2005). Already there are
evidences of large-scale ice melt in the three major ice
repositories of the world. The Greenland ice is melting at a
rate of 239±23 km3 per year (Chen et al. 2006). The extent
of Arctic sea ice has been decreasing at almost 8% per
decade since the middle of last century (Stroeve et al.
2007). Based on a recent space-borne radar and LIDAR
study, Kay et al. (2008) found that in 2007 the cloud cover
over the Arctic decreased by 16% than in the previous year
which allowed radiation influx leading to melting of about
0.3-m-thick surface ice. The summer-time shrinkage of
Arctic sea ice in August 2007 was at an unprecedented 31%
lower than the long-term average and the lowest extent in
the satellite record for any month (NSIDC 2007). Perhaps
the most alarming is the widespread loss of ice in West
Antarctica (Rignot et al. 2008) contributing to global sea-
level rise of ~0.36 mm/year (Chen et al. 2008). On the
whole, the climate change-induced rise in global sea level is
estimated to be 1–3 mm/year (Pielke et al. 2007). Even if
the global temperatures are leveled off at this stage, the sea
level continues to rise over the 21 century (Meehl et al.
2005). IPCC (2007) predicted that the global sea level will
rise by at most 59 cm by 2100. However, many feel that
there are inconsistencies in the IPCC estimates (Pielke
2008; Pielke et al. 2008; Schiermeier 2008). A more recent
estimate based on a new model allowing accurate construc-
tion of sea levels over the past 2,000 years suggest that the
melting of glaciers, disappearing of ice sheets and warming
water could lift the sea level by as much as 1.5 m by the
end of this century (Strohecker 2008). The direct impact of
the sea-level rise is on the coastal zones which, in spite of
being highly resourceful and densely populated, are low-
lying and hence would be subjected to accelerated erosion
and shoreline retreat due to increased wave strength as
water depth increases near the shore (Pirazzoli 1996; Pye
and Blott 2006), besides leading to saltwater intrusion into
coastal groundwater aquifers, inundation of wetlands and
estuaries, and threatening historic and cultural resources as
well as infrastructure (Pendleton et al. 2004). The increased
sea-surface temperature would also result in frequent and
intensified cyclonic activity and associated storm surges
affecting the coastal zones (Unnikrishnan et al. 2006; Wu et
al. 2002).

The rising sea level endangers several smaller island
nations, such as Tuvalu, Maldives, etc., which are barely 2 m

above the sea level (Brown 2001). Millions of people in low-
lying regions of many other countries including Bangladesh,
China (Strohecker 2008), and Vietnam (Tanh and Furukawa
2007) face the danger of being displaced. In this background,
identifying the vulnerability of different coastal sectors to the
impact of the rising sea levels is an important aspect of
coastal zone management. Quantification is needed to
determine the degree of vulnerability experienced by a coast
(Sanchez-Arcilla 1998) since measuring vulnerability is a key
step towards effective risk reduction (Birkmann 2006). Many
attempts have been made to measure coastal vulnerability and
estimate risk intensities to sea-level rise taking various
physical variables such as coastal landforms, relief, geology,
relative sea-level changes, history of shoreline change, tide
and wave regimes, etc. (Diez et al. 2007; Doukakis 2005;
Gornitz 1991; Pendleton et al. 2004; Thieler and Hammer-
Klose 1999) mainly from USA, Europe, Brazil, etc.

There are indications that sea-levels are increasing along
the east coast of India too. Studies based on the analysis of
long-term tide-gauge data from various stations along the
Indian coastal regions, corrections for vertical land move-
ments included, indicated that sea levels are rising at a rate
of about 1.0–1.75 mm per year due to global warming
(Unnikrishnan et al. 2006; Unnikrishnan and Shankar
2007). Although this estimate is based on too much of
generalization considering the fact that the tide-gauge
stations with long-term data are too few along the Indian
coasts, the indications of sea-level rise, however, are
obvious. Pronounced erosion even along certain major
depocentres like deltas of the east coast of India although
was mainly attributed to anthropogenic forcing (e.g.
Baskaran 2004; Hema Malini and Nageswara Rao 2004;
Nageswara Rao et al. 2008), perhaps reflect the impact of
sea-level rise as well among other things such as coastal
subsidence. But there are hardly any studies on coastal
vulnerability assessment of the Indian coasts. The purpose
of this paper is to quantitatively assess the degree of
vulnerability of various coastal sectors of Andhra Pradesh
state along the east coast of India to the impending sea-
level rise.

Study area

The east coast of India bordering the Bay of Bengal is a
passive continental margin developed during separation of
India from Antarctica in the Late Jurassic (Bastia and
Nayak 2006). Administratively, the 2,350-km-long east
coast forms the eastern seaboard of three States—Orissa in
the north, Andhra Pradesh (AP) in the centre, and Tamil
Nadu in the south. The present study area is the 1,030-km-
long coast of AP State including the 300-km-long Krishna–
Godavari delta front dominating its central part (Fig. 1).
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The coastal sector north of these deltas is characterized by
headland-bay configuration with a number of rock prom-
ontories jutting into the sea, especially over a 185-km
stretch on both sides of Visakhapatnam city (inset B in
Fig. 1). The Penner delta and Pulicat Lake (the second
largest lagoon along the east coast after Chilika Lake in
Orissa) are the dominant features along the coast south of
the Krishna–Godavari delta region. The region is densely

populated with more than 6.5 million people (2001 census)
living within 5-m-elevation above the sea level including
the port cities of Visakhapatnam, Kakinada and Machili-
patnam. The AP coast is known for frequent tropical
cyclones and associated floods and tidal surges causing loss
of life and property in the region. For example, the 1977
cyclone that was accompanied by a 5-m storm surge killed
about 10,000 people and 0.2 million livestock besides

Fig. 1 Geomorphology of the AP coast up to ~5 m elevation (except
at the rock headlands). Inset a shows the outline of AP State in India
with AP coast shown as a thick black line. Inset b shows the headland-
bay configuration of the coast on both sides of Visakhapatnam city in

an enlarged format. The thick colored parallel line all along the AP
coast (including in the inset b as well), indicates the vulnerability
ranking of various segments of the AP coast based on the relative
resistance of the geomorphic features that fringe the coast
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causing enormous damage to property in the Krishna delta
region. The 3- to 4-m storm surges occurred respectively in
the 1990 and 1996 killed thousands of people and millions
of livestock, besides damaging property in Godavari delta
region. The 1999 super cyclone and associated 7- to 8-m-
high storm surge (Lal 2001; Nayak et al. 2001) killed more
than 10,000 people and devastated the Mahanadi delta
region in the northern state of Orissa along the east coast.
The future sea-level rise is likely to further intensify the
storm surges (Pendleton et al. 2004), besides accelerating
shoreline erosion and other problems like seawater intru-
sion and damage to coastal structures, thereby making the
AP coast much more vulnerable in future. The AP coast is
also prone to tsunamis. The recent 2004-tsunami that
caused 283,000 deaths in the coastal zones of many
countries around the Indian Ocean (Lay et al. 2005), also
affected the east coast of India. Although the coast of the
southern state of Tamil Nadu was the most affected with
tsunami inundation limits exceeding 800 m at some places
(Chadha et al. 2005) killing about 10,000 people, the
tsunami impacted the AP coast as well leading to loss of
life and property at several locations, especially in the low-
lying zones along the Krishna–Godavari deltas (Nageswara
Rao et al. 2007). In this background, a coastal vulnerability
assessment is made in this study aimed at identifying the
degree of vulnerability of different coastal segments of AP.

Methods of study

Five physical variables of the AP coast are used in this study
to measure the coastal vulnerability. They are (1) coastal
geomorphology, (2) coastal slope, (3) shoreline change
(erosion and accretion during a 16-year period between 1990
and 2006), (4) mean spring tide range, and (5) significant
wave height. Earlier studies elsewhere considered some more
parameters also for estimating the coastal vulnerability. For
instance, Pendleton et al. (2004); Thieler and Hammer-Klose
(1999) included relative sea-level rise as a sixth parameter
besides the five listed above in the vulnerability calculations
for a part of the Californian coast. Doukakis (2005)
considered subsidence as one of the variables. Since there
are no data either on the variations in relative sea-level rise or
subsidence rates, these are not included in the present study.
Gornitz (1991), Diez et al. (2007) included elevation (instead
of slope), geology and sea-level rise (including the effect of
local tectonics) as three of the total seven variables in their
respective studies. Geology is not used as a separate variable
in our study since the landform material is taken care of in
geomorphology, and for the reasons mentioned above, sea-
level rise is not considered a variable in our study. We
consider slope a better parameter than elevation in this type
of analysis, since elevation refers to a point, whereas slope,

which is calculated based on elevations and distances
involved, denotes an area. Relative ranking is assigned to
various coastal segments based on the vulnerability level in
terms of each of the five parameters considered in the study.
As such, the entire AP coast is divided into five vulnerability
classes—very low, low, moderate, high, and very high,
separately for each of the five variables with slight
modifications to the ranking system adopted in earlier
studies referred (Diez et al. 2007; Doukakis 2005; Gornitz
1991; Pendleton et al. 2004; Thieler and Hammer-Klose
1999).

Physical variables and their ranking

As stated already, five physical variables are considered in
this study for a quantitative assessment of the vulnerability
of AP coast to the predicted sea-level rise. They are (1)
Coastal geomorphology, (2) Coastal slope, (3) Shoreline
change during the recent years, (4) Mean spring tide range,
and (5) Significant wave height. Depending up on the
nature of each of these variables, the entire AP coast is
segmented and assigned vulnerability ranks ranging from 1
to 5, with rank 1 representing very low vulnerability and
rank 5 indicating very high vulnerability as detailed in the
following sections.

Geomorphology (g)

Morphology of the coast plays an important role in
determining the impact of sea-level rise. Landforms and
the material that compose them reflect their relative
responses to sea-level rise since every landform offers
certain degree of resistance to erosion (Thieler and
Hammer-Klose 1999). While the rocky cliffs and wave-
cut benches offer maximum resistance and therefore very
less vulnerable, the soft sandy and muddy forms such as
dunes, mudflats, mangroves, etc., that offer least resistance,
on the other hand, are extremely vulnerable to sea-level
rise. A detailed geomorphic map (Fig. 1) showing the
various coastal landforms is prepared in this study based on
the interpretation of satellite images (Indian Remote
Sensing Satellite—IRS P6 Advanced Wide Field Sensor
data from the 2006) substantiated by field observations
during the last 2 years. The AP coast like the entire east
coast of India is predominated by depositional landforms
such as beach ridge-swale complexes, mangrove swamps,
mudflats, spits, barriers, lagoons, estuaries, and tidal inlets
except in a few localities on both sides of Visakhapatnam
city where a number of rocky headlands are fringed by
cliffs, wave-cut benches, sea stacks and other related
erosional landforms (inset b in Fig. 1) as noted in some
previous studies as well (Nageswara Rao and Sadakata
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1993; Nageswara Rao et al. 2005). The Krishna–Godavari
twin deltas in the central parts, and the Penner delta and
Pulicat Lake to the south along the AP coast are very low-
lying as evident from landforms like beaches, mudflats,
mangrove swamps, and tidal channels/creeks that spread up
to more than 10–15 km inland even in this microtidal
environment. The normal spring high tide reaches up to about
35 km upstream in the distributary courses of Krishna and
Godavari rivers up to the maximum Holocene transgression
limit, which is marked by the landward limit of the beach
ridges, i.e., former shorelines (Nageswara Rao and Sadakata
1993). Considering the nature of landforms qualitatively, the
entire AP coast is segmented into five vulnerability classes as
per the classification scheme detailed in Table 1. Following
this scheme, a vulnerability rank number is assigned to each
segment of the coast (indicating the vulnerability level in
terms of the geomorphology of the coast) as depicted in
Fig. 1 for further analysis in geographic information system
(GIS).

Coastal slope (s)

Coastal slope is the major factor to be considered along
with the coastal morphology in estimating the impact of
sea-level rise on a given coast. On a steep coast, the impact
of sea-level rise would be insignificant contrary to a gently
sloping coast where any rise in sea level would inundate
large extents of land. The major constraint in our study is
lack of fine resolution contour maps of the area. The Survey
of India (SOI) topographic maps show 10-m contour
interval in 1:25,000 scale which are of no use since most
of the area of study is far below 10 m, expect at the rocky
headlands near Visakhapatnam. The digital elevation
models (DEM) of the AP coastal area available on the
internet from the Shuttle Radar Topographic Mission
(SRTM) website (www.srtm.csi-cgiar.org) are downloaded
from which contours at 1-m interval are interpolated using
the 3-D Analyst module in ArcGIS software. But when the
contour map thus generated was overlaid on the landform

map, many inconsistencies were noticed owing to the
coarse resolution (90 m) of the SRTM data. For example,
the tidally submergible mudflats are enclosed by a 4-m
contour at a number of locations like in Godavari delta,
although such landforms are well within 2-m elevation
along the AP coast where the maximum normal spring high
tide is about 1.5 m above the datum. Further, the contours
appear to cross certain coastal water bodies like lagoons
and backwater zones, which is not realistic. Therefore,
extensive corrections were made to bring in accuracy in the
contours taking into consideration the nature of landforms
(from satellite imagery), and spot heights and tidal limits as
can be noted from the SOI topographic maps. Using the
‘Edit’ mode in ArcMAP for this purpose, the contour layer
was overlaid on satellite images and topographic maps
alternately while the contours are adjusted. Firstly, the
innermost beach-ridge all along the AP coast, which runs at
different distances inland from the present shoreline from a
few hundred meters to even up to 35 km, as in the Krishna–
Godavari delta region, is taken as 5-m contour. Similarly,
the high-tide line which is either marked in the SOI
topographic maps or interpreted in this study based on the
landward limit of mangrove swamps and active tidal
mudflats, is taken as 1.5 m line because the maximum
mean spring high-tide anywhere along AP coast is 1.5 m on
an average as can be noted from the hydrographic charts.
Therefore, all the intertidal areas along AP coast fall
between the shoreline and the 1.5-m contour in the map.
A 0.6 m contour is also interpolated between the shoreline
(0-m contour) and the 1.5 m contour. This is meant to
represent the approximate limit of the IPCC (2007)
predicted sea-level rise of 0.59 m by the end of the 2100.
Beach ridges which are at various elevations from 2 m up
to 5 m in the AP coast are taken into consideration while
interpolating the contours all along the AP coast. The
contours thus generated are used to prepare a slope map for
the AP coast through triangulated irregular network (TIN)
method in 3-D Analyst module of ArcGIS. The slope
values ranged from 0.00485% to 1.2177%. The entire range

Table 1 Coastal vulnerability classification based on the five physical variables

Variable Coastal vulnerability rank

Very low (1) Low (2) Moderate (3) High (4) Very high (5)

Geomorphology Rocky coasts Embayed/indented
coasts

Beach ridges; high
dunes (>3m) vegetated

Low fore dunes (<3m);
Estuaries; lagoons

Mudflats; Mangroves;
Beaches; Barriers/Spits

Coastal slope (%) >1.00 0.50–1.00 0.10–0.50 0.05–0.10 <0.05

Shoreline change
(m/year)

Accretion >5.0 Accretion <5.0 Nil Erosion <5.0 Erosion >5.0

Mean spring tide
range (m)

<1.0 1.0–2.0 2.0–4.0 4.0–6.0 >6.0

Significant wave
height (m)

<0.55 0.55–0.85 0.85–1.05 1.05–1.25 >1.25
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of slopes is categorized into five rank classes from 1 to 5
keeping in view the fact that higher the slope value, lower
the vulnerability of the coast. The five vulnerability classes
and the slope range in each class are adopted from
Pendleton et al. (2004) as shown in Table 1. Based on this,
vulnerability ranks (indicating the vulnerability levels in
terms of coastal slope) are assigned to all segments of the
coast, as shown in Fig. 2a for further GIS analysis.

Shoreline Change (c)

The broad trends in shoreline behavior in the recent past are
helpful to a certain extent in understanding the coastal
response to future sea-level rise. The geomorphological and
land use maps in digital form that were prepared earlier
based on the interpretation of satellite images (IRS 1B Linear
Imaging Self Scanning Sensor 2) pertaining to the year 1990
are used to make comparison with the present (2006)
coastline map. By using the overlay technique in GIS, the
shift in shoreline during the 16-year period from 1990 to
2006 is extracted. As the resultant map (Fig. 2b) shows, the
shoreline shifted landward due to erosion at a number of
locations over a combined length of 424 km accounting for a
loss of 93 km2 coastal area. Shoreline advanced into the sea
due to accretion at several locations including certain deltaic
sectors as well. The total land gained by accretion is about
57 km2 over a length of about 266 km. The remaining
340-km-long coast has not shown any notable change during
the period. Considering the rate of change, which was
variable along the coast, vulnerability ranking is assigned to
various coastal segments following the ranges in the ranking
scheme given in Table 1. Applying this classification, all the
coastal sectors along the AP coast are ranked from one to
five as depicted in Fig. 2b, for further analysis.

Spring-tide range (t)

As can be seen from the tidal ranges shown in the
hydrographic charts published by the Indian National
Hydrographic Office, the AP coast is under the influence
of a microtidal environment. The mean spring tide range
(the average of spring high- and low-tides) is taken into
consideration from 9 stations all along the coast (Fig. 2c).
The spring-tide range at Krishnapatnam in the south is the
lowest at 0.7 m, whereas the highest range of 1.4 m is at
Visakhapatnam in the northern sector of the AP coast
(where the spring high tide is 1.5 m and the spring low tide
is 0.1 m above the datum). Based on the tidal ranges at
these 9 points, the entire coastline is segmented to assign
the tide range value of the nearest tide station. For instance,
the coastline between Krishnapatnam (0.7 m) and Vadarevu
(1.1 m) to its immediate north is divided into 2 equal
segments with the segment near Krishnapatnam represent-

ing the tidal range of 0.7 m, while the segment near
Vadarevu representing the tidal range of 1.1 m. Similarly,
the coastline between Vadarevu (1.1 m) and Machilipatnam
(1.0 m) is segmented into two equal parts to represent 1.1 m
near Vadarevu and 1.0 m near Machilipatnam. Thus, the
entire AP coastline is segmented based on the tidal range
values at the 9 stations. Subsequently, the vulnerability
ranking is given (Table 1) following the vulnerability
ranges from Diez et al. (2007). Since the tidal range is
between 0.7 m and 1.4 m, the entire AP coast has fallen
into two categories only, namely very low vulnerable level
(<1.0 m) and low vulnerable level (1.0 to 2.0 m) as far as
the tidal range is considered. Accordingly, the entire coast
is classified into these two vulnerability categories as
shown in Fig. 2c.

Significant wave height (w)

In the absence of in situ wave data for the AP coast, computer
simulated wave models are used in this study. The Spectral
Wave (SW) model of MIKE-21, a software developed by the
Danish Hydraulic Institute, Denmark was used for simulation
of the waves. Wind velocity component derived from
ECMWF (European Center for Medium Range Weather
Forecast) assimilated with near real-time measurements
through Seawinds scatterometer onboard QuikSCAT satellite
and by the three Special Sensor Microwave Imager (SSM/I)
onboard DMSP (Defense Meteorological Satellite Program)
satellites F13, F14, and F15, which are available from the
CERSAT (Centre ERS d’Archivage et de Traitement—
French ERS Processing and Archiving Facility) website
(ftp://ftp.ifremer.fr/ifremer/cersat/products/gridded/mwf-
blended/data/) were input into the model for generating the
waves. The model simulates the growth, decay and
transformation of wind-generated waves and swells in
offshore and coastal areas (Vethamony et al. 2006).

The data on the significant wave heights (SWH) pertaining
to July and August 2005 thus derived from the simulation
model for the Machilipatnam region were compared for
accuracy with the measured data of the corresponding period
from the buoy DS5 of NIOT (National Institute of Ocean
Technology) moored off Machilipatnam. A correlation coef-
ficient of 0.873 with an RMS of 0.41 m was obtained from the
comparison between the two data sets indicating the depend-
ability of the simulated wave data. Therefore, the simulated
SWH data are extracted for 19 stations (Fig. 2d) covering the
entire AP coast. In order to assign the SWH values to the
entire coast, the coastal segment between two consecutive
wave stations is divided into two equal parts and the SWH
value of the nearest station is assigned to each coastal
division. Further, considering the SWH values of different
coastal sections, the entire AP coast is classified into five
vulnerability levels (Fig. 2d) adopting the SWH ranges
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Fig. 2 Map showing the four physical variables of a coastal slope, b
coastal change during the 16-year period between 1990 and 2006, c
mean spring-tide range, and d significant wave heights along the AP

coast. The thick colored parallel line all along the coast indicates the
vulnerability ranking of the various segments based on the respective
physical variable mapped
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(Table 1) from Pendleton et al. (2004), and Thieler and
Hammer-Klose (1999).

Coastal vulnerability index

All the five maps showing the coastline segmented
according to their vulnerability ranks are then combined
in GIS to derive a coastal vulnerability index (CVI) for
various segments of the entire coast. The CVI was
calculated by Diez et al. (2007), Doukakis (2005), Gornitz
(1991), and Thieler and Hammer-Klose (1999) as the
square root of the product of the ranking factors (1 to 5
for each parameter) divided by the number of parameters
considered. Gornitz (1991) opined that although the CVI
can be computed as either the sum or product of the
parameters, the latter has the advantage of expanding the
range of values. Diez et al. (2007), on the other hand, by
examining both the sum as well as the product of all the
variables, observed that the CVI as the sum of differentially
weighted variables was more responsive to the environ-
mental diversity. Our calculations using both the methods
also indicated that the sum of the five variables with the
rank numbers (1 to 5) of each multiplied by a specified
weightage value, as detailed below, represents the con-
ditions along the AP coast better. As such, the five variables
are differentially weighted by multiplying the vulnerability
rank values by certain arbitrarily chosen multiplication
factors depending up on the relative significance of the five
variables considered in the study.

For instance, geomorphology and the slope of the coast
are the two major factors influencing the coastal response to
sea-level rise. This was amply evident from the impact of the
killer tsunami that occurred on December 26, 2004. Several
studies made along the east coast of India indicated the role
of geomorphology and coastal slope in tsunami impact.
Ramanamurthy et al. (2005) observed that the worst affected
Nagapattinam area in the southern state of Tamil Nadu along
the east coast of India had longer penetration of tsunami
inland due to gentle slope of the coastland. Chadha et al.
(2005) noted that the coastal morphology made large
difference in loss of life as the low swales behind shore-
parallel dune ridges claimed several lives due to lateral flows
from tidal inlets or breaches in dune ridges. Banerjee (2005)
observed that the landforms of the coastal zone have relation
with tsunami devastation. The overall inundation limit
decreased from south to north in the state of Tamil Nadu,
from the maximum of about 800 m in the southern part to
about 160 m in the northern parts (Chadha et al. 2005).
However, the tsunami inundation limit has significantly
increased again to 700–800 m much further northward in the
Krishna–Godavari delta region in the central part of AP state,
where about 100 deaths were also reported, owing to

extremely gentle slope of the area (Nageswara Rao et al.
2007). Therefore, considering the relative significance of
geomorphology and slope over the rest of the three variables
in deciding the coastal response to sea-level rise, a maximum
weightage of 4 is assigned to these two variables. Accord-
ingly, the rank values of both these variables are multiplied
by four for the CVI calculation. The third variable ‘shoreline
change’ is assigned a weightage value of 2. The rate of
shoreline change in the past cannot be taken as a constant for
predicting the future behavior of the coast but is only a
general indicator of the trend. Therefore, only a one half of
the weightage value given to the first two variables is
assigned to this variable. As such the vulnerability rank
numbers of all the segments of AP coast in respect of the
variable, shoreline change are multiplied by two for the CVI
calculation. The rank numbers representing the tide range
and significant wave height are taken for calculation without
assigning any additional weightages. Thus, the weighted
values of all the five variables are used to calculate the CVI
for the entire AP coast through the process of addition using
the following formula:

CVI ¼ 4gþ4sþ2cþtþw

Where g refers to vulnerability ranking of geomorphology
of the coastal segment in question, s refers to that of coastal
slope, c to that of shoreline change, t refers to spring tide-
range and w refers to the vulnerability rank of the significant
wave height. The numbers 4 and 2 are the arbitrary weightage
factors assigned to the respective variables depending up on
their relative significance. The data are processed in
geographic information system software (we used ArcGIS).
Each variable in the form of a ‘Shape File’ is taken into GIS
and the vulnerability ranks of all the coastal segments for the
five variables are entered into the corresponding attribute
tables against the unique ID of each coastal segment.
Similarly, the weighted values of each variable for each
coastal segment are also obtained by multiplying the
vulnerability rank values by the corresponding weightage
factors of the respective variables. For example, if the
vulnerability rank of a particular coastal segment is 5 (i.e.,
very high vulnerable) for the variable ‘geomorphology’, the
rank value 5 is multiplied by the weightage factor of 4, which
is assigned to geomorphology. Therefore, the weighted value
for that coastal segment would be 20 as far as geomorphol-
ogy is concerned. Likewise the weighted values of all the
coastal segments for all the variables are entered in the
corresponding column in the attribute tables. In fact, the
computer automatically generated the weighted values once
the formula with the multiplication factor is given in the
corresponding column head in the attribute table. Then the
shape files are joined using the ‘Spatial Join’ option in
‘Overlay’ module in ‘ArcTools’ menu. In order to integrate all

202 K. Nageswara Rao et al.



the variables, we have taken the coastline as a line feature in
GIS, whereas in earlier studies the coast was divided into
spatial grids of 1-min interval (Pendleton et al. 2004), 15-min
interval (Diez et al. 2007), or as closely spaced points along
the coast (Doukakis 2005). However, such grid cell, or point
sampling would have some amount of generalization thereby
affecting the accuracy of the final results. Therefore, we have
taken the entire coast as a line feature in GIS in which every
point along the coast is considered for the analysis. The final
output map contains the attributes of all the five variables.
Thus the final map generated combining all the variables
showed 307 segments of the coast each having a unique
identity number in its corresponding attribute table. Another
column is added to this attribute table for the CVI formula so
that the system generated the CVI values for all the 307
coastal segments of the AP coast by adding the weighted
values of the vulnerability ranks assigned to the various
segments of all the five variables.

The CVI values thus obtained ranged from 15 to 57. The
entire range of CVI values can be divided into four equal
parts (Diez et al. 2007; Gornitz 1991), quartiles (Pendleton
et al. 2004) or percentiles (Doukakis 2005) each indicating
certain risk level of the coastline to sea-level rise. The lower
range of CVI values indicate low-risk, followed by
moderate-risk, high-risk and finally the upper range of
values indicating the coast at very high-risk level. We tested
these methods. The CVI values when divided into four
equal parts, only the rocky coasts along the AP coast have
fallen into the low risk coasts. However, in the quartile/
percentile methods even the sand dune coasts also come
under the low-risk category. But a comparison of the
geomorphology map (Fig. 1) and the shoreline change map
(Fig. 2b) show wide-spread erosion along certain dune-
front coastal sectors like along the Pulicat Lake coast,
which cannot be classified as low-risk coast. Therefore, we
divided the entire range of CVI values (15 to 57) into four
equal parts in this study. Accordingly, the coastal risk level
map for the AP coast is generated by grouping various
coastal segments into the four risk classes (Fig. 3).

Discussion

The risk classification indicates that 43% of the AP coast
over a length of 442.4 km is under the very high-risk
category mostly along the Krishna, Godavari and Penner
delta front coastal sectors (Fig. 3), which are very low-lying
and almost flat with mudflats, mangrove swamps, and
lagoons/backwaters. Moreover, these coastal sections are
experiencing sustained erosion for the last three decades.
Even the small tidal range in these areas can reach far inland
since the gradient is extremely gentle. Similarly, about 363.7-
km-long coastal segments which account for 35% of the total

length are under high-risk category mostly in the southern
part of the AP coast near Pulicat Lake; north of Penner delta;
south of Krishna delta; and between Krishna and Godavari
deltas in the central part of AP coast where the landforms
and slopes although are of moderate category, the high rate
of shoreline erosion and comparatively stronger wave energy
make the coast high-risk prone. In the remaining part, 193.9-
km-long coast (19% of the total) mainly the non-deltaic
dune-front sections, come under moderate-risk category,
while the rocky coast on both sides of Visakhapatnam and
some embayed/indented sectors over a combined length of
30 km (3%) are in the low-risk category.

The overall CVI map showing the risk levels of different
coastal segments of AP can be scaled up to any degree of
enlargement in its original GIS format. But considering the
scale of the Survey of India (SOI) topographic maps that are
used as base maps for registering the satellite imagery from
which data on landforms (geomorphology), coastal slopes
and shoreline change are extracted, the CVI maps may best
be used up to 1:50,000 scale. Therefore, the map grid
representing the standard SOI topographic maps (1:50,000
scale) is superimposed on the CVI map to extract locality-
wise risk level of the coast as detailed in Table 2. The central
sector of the AP coast, i.e., the Krishna–Godavari delta
region is the most vulnerable with almost two-thirds of the
total length of the coast in the very high-risk category, while
the rest of the coast is also within the immediate next level of
high-risk category. Notably, no part of the Krishna–Godavari
delta coast is in the low or moderate risk levels. Perhaps the
rapid coastal retreat and habitat loss due to wide-spread
erosion during the recent years in most parts of this
otherwise major depocenter along the AP coast is an
indication of the manifestation of the impact of the rising
sea levels in the area. The southern sector of the AP coast
shows more or less similar conditions with a one-half of the
total length of 285.8 km in this sector is in the very high-risk
category (Table 2). The northern sector however has at least
30-km-long part of the coast under low risk level due to the
presence of number of rock headlands.

If the sea level rises by 0.59 m as predicted by IPCC
(2007), an area of about 565 km2 would be submerged under
the new low-tide level along the entire AP coast of which
150 km2 would be in the Krishna–Godavari delta region
alone. This is estimated by superimposing the contour map
(generated as explained in section on ‘coastal slope’) over
the satellite imagery to extract the area between the zero
contour (shoreline) and the 0.6 m contour. The new spring
high tide reaches further inland by another ~0.6 m above its
present level of 1.5 m, i.e., up to 2.1 m. In such a case, an
additional area of about 1,233 km2 along the AP coast
including 894 km2 in the Krishna and Godavari delta region
alone would go under the new intertidal zone thereby
directly displacing about 1.29 million people (according to
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2001 census) who live in 282 villages spread over nine
coastal districts of Andhra Pradesh state. Notably, the
inhabitants of these villages are mainly hut-dwelling fishing
communities who are highly vulnerable in socio-economic
terms as well. Further, there is every possibility of increased
storm surges (Unnikrishnan et al 2006) reaching much inland
than at present with the rise in sea level.

Conclusions

In the light of the rising sea levels, assessment of coastal
vulnerability is necessary in order to take appropriate
measures to protect the people and property. The CVI
developed for the AP coast in this study by ranking five
physical variables such as coastal geomorphology, coastal

Fig. 3 Coastal vulnerability index (CVI) and risk levels of different
segments of AP coast. Each color of the coastline indicates a particular
CVI value from 15 to 57 (Note there are no coastal segments with CVI
values of 17, 21 and 56). The thick colored parallel line all along the
coast shows the risk levels of the coast based on the categorization of

CVI values into four risk classes as per the classification scheme
shown in the upper left legend. The black colored squares along the
coastline (from 1 to 34) represent the grid of SOI topographic maps.
The actual map IDs and the risk level of the coast covered by each
map are detailed in Table 2
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slope, rate of shoreline change, mean spring tide range and
significant wave height indicated the risk level of different
segments of the coast. Instead of segmenting the coast into
spatial grids which might generalize the conditions to
different degrees (depending up on the size of the grid cell),
analyzing the entire coastline as a line feature using GIS, as
demonstrated in this study, provides a more accurate picture

of the vulnerability level of any point along the coast. The
CVI analysis revealed that about 43% of the AP coast is
under very high-risk and 35% more under high-risk, which
calls for protective measures to prevent loss of invaluable
coastal land and displacement of people who, mostly being
hut-dwelling seafaring community are socio-economically
vulnerable as well. Objective coastal vulnerability assess-

Table 2 Data on risk level of the coast in various localities represented by SOI maps in the three major sectors of the AP coast

S no. Coastal sector Map number Locality Length of the coast in each risk category (km)

Low Moderate High Very high Total

1 Northern Sector
(Visakhapatnam region)

74B/9 Baruva – 1.9 32.8 2.1 36.8

2 74B/6 and 10 Naupada – 4.9 32.9 0.9 38.7

3 74B/3 Vamsadhara estuary 5.7 11.0 22.3 2.2 41.2

4 65N/16 Nagavali estuary – 13.3 12.5 3.8 29.6

5 65N/12 Konada – 7.8 14.7 3.0 25.5

6 65O/9 Mukkam – 11.4 – – 11.4

7 65O/5 Vizag-Bhimili coast 4.0 16.0 5.2 1.4 26.6

8 65O/6 Visakhapatnam city 6.9 14.3 – – 21.2

9 65O/2 and 3 Gangavaram 5.8 14.0 14.8 – 34.6

10 65K/15 Sarada-Varaha estuary 1.7 22.3 7.8 – 31.8

11 65K/11 Tandava estuary – 14.8 1.2 7.7 23.7

12 65K/8 and 12 Uppada coast 5.9 10.4 6.5 17.0 39.8

Total 30 142.1 150.7 38.1 360.9

13 Central Sector
(Krishna–Godavari
delta region)

65L/5 Kakinada – 11.8 61.7 73.5

14 65L/6 Nilarevu estuary – – – 31.5 31.5

15 65L/2 Pandi lagoon – – – 11.4 11.4

16 65L/3 Surasaniyanam – – 4.3 14.6 18.9

17 65H/15 Vainateyam estuary – – 22.6 5.9 28.5

18 65H/11 Vasishta estuary – – 18.5 10.3 28.8

19 65H/7 Goguleru creek – – 22.4 9.0 31.4

20 65H/4 Manginapudi – – 9.9 18.8 28.7

21 66E/1 and 2 Krishna estuary (Divi) – – – 60.2 60.2

22 66A/13 and 14 Krishna estuary (main) – – 11.9 30.1 42

23 66A/11 Nizampatnam – – 23.9 4.5 28.4

Total 125.3 258 383.3

24 Southern Sector
(Penner Delta and
1Pulicat Lake region)

66A/5 Vadarevu – – 3.4 15.9 19.3

25 66A/6 Ramperu estuary – 15.4 2.9 – 18.3

26 66A/2 Gudlakamma estuary – 12.8 1.3 14.1

27 66A/3 Palleru-Musi estuary – 2.7 17.8 12.9 33.4

28 66A/4 Manneru estuary – 0.08 27.4 – 27.4

29 66B/1 Upputeru estuary – – 2.6 26.1 28.7

30 66B/2 Penner estuary – – 22.6 19.7 42.3

31 66B/3 Krishnapatnam – 20.9 0.2 7.2 28.3

32 66B/4 Swarnamukhi estuary – – 4.6 23.7 28.3

33 66C/1 Durgarajpattnam – – – 23.9 23.9

34 66C/2 and 6 Sriharikota island – – 4.9 16.9 21.8

Total – 51.8 87.7 146.3 285.8

Grand total 30 193.9 363.7 442.4 1030
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ments of this type are necessary for a proper coastal zone
management. It may be noted that the maps generated in
this study are scalable to any degree of enlargement in their
original GIS format for application purposes.
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