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Abstract This research work describes the shoreline
change rate variations of Ganjam district of Odisha, east
coast of India for the past 24 years. Seven shorelines were
extracted from multidated satellite images, and shoreline
change rate has been calculated by using digital shoreline
analysis system. Long-term shoreline change rate
(1990-2014) of the study area has been calculated using
weighted linier regression method. Short-term changes
have been computed for different time scales, i.e.,
1990-1999, 1999-2006, 2006-2008, 2008-2013 and
2013-2014 using end point rate method. The results
obtained from the study show that 71.65 % of Ganjam
coast shows accretion pattern and 28.35 % of coast falls
under erosion category. High erosion is mainly noticed in
northern side of Gopalpur port which is mainly due to
recent construction activities. Short-term results reveals
that 2006-2008 period shows maximum erosion and
1999-2006 period exhibit maximum accretion in Ganjam
coast. From short-term analysis, it is observed that shore-
line in the study area shows cyclic nature of erosion and
accretion pattern. The study reveals that tropical cyclones
and human activities such as port development, construc-
tion of breakwaters and groins are the major factors
responsible for shoreline erosion in the study area.
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Introduction

Rapidly eroding coastline is one of the major issues for
many countries in the world. The exact causes of coastal
erosion vary from place to place, and they depend on local
oceanographic/climatic conditions. Because of this non-
uniformity, it is necessary to study the individual or com-
bination of factors which control the shoreline configura-
tion. Li et al. (2014) have observed that apart from
hydrodynamic processes, river sediment load is a major
controlling factor for shoreline changes. Using long-term
climatological data, many studies (e.g., Jimenez et al.
1997; Luecke et al. 1999; Malini and Rao 2004; Syvitski
and Saito 2007) found positive correlation between
shoreline change with rainfall and river discharge. The
research work conducted in Jonian coast, Itlay, shows that
apart from reduction in river sediment discharge, anthro-
pogenic activities such as sand mining, barrage construc-
tion, etc. are the major factors responsible for shoreline
variations (Aiello et al. 2013). The study carried out in
delta regions of the world such as Nile, Mekong, Indus,
Huanghe, etc. found that dam construction across the rivers
are the major causes for shoreline changes (Frihy and
Dewidar 2003; Thanh et al. 2004; Giosan et al. 2006; Chu
et al. 2006). Another factor which affects the shoreline
variation is developmental activities such as harbor
development, construction of groin, breakwater, etc. Kim
et al. (2014) found that coastal erosion in Bongpyeone
beach is mainly due to the expansion and construction of
Jukbyeon harbor. Their results show that after construction
of breakwaters significant morphological changes were
occurred. Jayappa et al. (2003) have studied the impact of
coastal structure on shoreline position of Mangalore coast.
Coastal changes due to natural and anthropogenic activities
have been studied by using various techniques such as
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remotely sensed data, beach profile analysis, and GPS
surveys. All these methods have several advantages and
limitations. Remotely sensed data products such as satellite
images and aerial photographs are widely used for shore-
line change studies. Satellite images are the most conve-
nient method for shoreline demarcation because of its wide
coverage and less expensiveness. Aerial photographs are
also used for shoreline change analysis with high accuracy
(Gongalves et al. 2012; Ford 2013; Shtienberg et al. 2014).

Oceanographic parameters such as waves, currents,
tides, and longshore drift are the major factors which
control the shoreline configuration (Albert and Jorge 1998;
Morton and Miller 2005). In some cases, extreme events
such as storm surges and tsunamis are also causes for
shoreline changes (Houser et al. 2008). Rapid shoreline
changes will occur in a place where the longshore drift is
interrupted by artificial structures. Bastos et al. (2012) have
studied the impact of breakwater on morphological chan-
ges of Douro estuary sand spit of Portugal and found that
significant changes have occurred after breakwater con-
struction. Samsuddin and Suchindan (1987) have observed
a direct relation between longshore current and erosion
accretion rate in Kerala coast. Ramana Murthy et al. (2007)
have studied shoreline evolution and sediment transport of
Ennore port, Chennai, SE coast of India. They found that
due to the interception of longshore drift by the breakwa-
ters northern part of the port exhibits erosion while the
southern part shows accretion. In India, many studies (e.g.,
Jayappa et al. 2003; Ranga Rao et al. 2009; Thiru-
venkatasamy and Girija 2014; Mohanty et al. 2015) have
reported the longshore drift interception due to coastal
structures which leads to erosion in one side and accretion
in other side of the structures.

El Banna and Hereher (2009) have analyzed shoreline
changes of north Sinai, Egypt, using satellite images. Maiti
and Bhattacharya (2009) have applied statistics-based
approach for long-term shoreline change analysis and
prediction of future shoreline position of Balasore and
Midnapur coast of Odisha and West Bengal. Sridhar et al.
(2009) have estimated long-term shoreline oscillation of
Cauvery delta using remote sensing and GIS techniques.
Rao et al. (2010) have examined the relation between the
shoreline change and sediment discharge. Their result
shows decreasing sediment delivery and increasing erosion
along the Krishna—Godavari delta front coast during past
four decades. Using regularized single transect method,
Anderson et al. (2015) have estimated long-term shoreline
changes at Hawaii. Many statistical methods such as end
point rate (EPR), linear regression rate (LRR), weighted
linear regression (WLR), net shoreline movement (NSM)
and least mean square (LMS) are widely used for shoreline
change rate analysis (Dolan et al. 1991; Maiti and Bhat-
tacharya 2009; Kuleli et al. 2011; Natesan et al. 2013;
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Manca et al. 2013; Ozturk et al. 2015; Guneroglu 2015;
Selvan et al. 2016). Zviely et al. (2009) have analyzed
200-year shoreline change rate of Haifa bay using different
published maps. Hanamgond and Mitra (2007) have cal-
culated the change detection of Karwar coast for 24 years
(1989-2003). Mani Murali et al. (2009, 2015) have studied
the erosion/accretion pattern of Puri and Kendrapara coast
of Odisha using multidated satellite images. Natesan et al.
(2013) have used conventional and modern techniques for
estimation of shoreline changes along Vedaranyam coast,
Tamil Nadu. Kaliraj et al. (2013, 2015) have studied the
erosion and accretion pattern along southwest coast of
Kanyakumari, Tamil Nadu, using remote sensing and GIS
techniques. Recent study carried out by Kankara et al.
(2014, 2015) classified the coast in different erosion/ac-
cretion (high, low, medium, etc.) classes to prepare
shoreline change maps for Indian coast. Ozturk and Sesli
(2015) have quantified the land loss/gain due to shoreline
change of Kizilirmak delta using multidated satellite data.
Recent shoreline change study of Indian coast shows that
45.5 % of the coast falls under erosion, 35.7 % shows
accretion, and 18.8 % of the coast is more or less stable in
nature (Rajawat et al. 2015). The objectives of this study
are to estimate the temporal variation of shoreline change
rate of Ganjam district, east coast of India for the past
24 years and examine the major factors which control the
shoreline configuration. This was done by compiling the
shoreline from multidated satellite images of different
period from 1990 to 2014.

Study area

The coastline of Ganjam district is located in southern
part of Odisha state, east coast of India and lies between
19° 07’ N to 19° 46’ N Latitude and 84° 76' E to 85° 17' E
Longitude (Fig. 1). The district covers 61.64 km stretch
of coastline starting from Patisonapur in south to Prayagi
in north. The Ganjam coast is characterized by several
geomorphic features like beach ridges, sand spits, and
barrier spit. Physiographically, the district can be grouped
into two divisions such as coastal plains in the east and
hilly region in the west. The second largest mass nesting
site of Olive Ridley sea turtles (Lepidochelysolivacea),
i.e., Rushikulya rookery is located in the district. There
are ~ 16 fish landing centers, and one major port, i.e.,
Gopalpur is found in the district. The beach sand in the
Ganjam consists of economically important heavy min-
erals such as ilmenite, monazite, rutile, zircon, and garnet.
Geologically, the coastal zone of Ganjam consists of
Holocene beach sediment. The area is vulnerable for
natural hazards such as cyclones, storm surges, flood, and
coastal erosion.
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Fig. 1 Map showing location

and different sectors of Ganjam
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The study area falls under tropical monsoon climatic
zone with mean annual rainfall of ~ 1276 mm. Most of the
rainfall events occurred during June to September which is
considered as south west (SW) monsoon period. October to
November is known as postmonsoon period with frequent
occurrence of cyclonic storms with heavy rains. In summer
season, the temperature will rise up to 40 °C and in winter
it will be reduced up to 15 °C. The area falls under the
microtidal area with a tidal range of <2 m. Mohanty et al.
(2012) found that average spring and neap tidal ranges are
2.39 and 0.85 m, respectively, in Odisha coast. Sanil
Kumar et al. (2006) have identified southwest and northeast
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wind and wave regimes along east coast of India. Measured
wave data off Gopalpur shows variation of 0.5 to 2.2 m in
significant wave height (Hs) during June-September,
2-2.4 m during October—January, and 0.2-2.2 m during
February—-May (Chandramohan and Nayak 1994). The
earlier reported maximum Hs off Gopalpur based on
measured wave data was 2.4 m in 1990 (Chandramohan
et al. 1993) and 3.3 m in 2008 (Mohanty et al. 2012).
According to Mishra et al. (2011), high energy waves are
generated during June—September (SW monsoon) and low
to very low energy waves are occurred during March to
May and December to February. Measured wave direction
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off Gopalpur shows that ~84 % of waves reach the coast
between 135° and 180°, 14 % waves from 180° to 225°,
and the rest 2 % are from 90° to 135° (Mishra et al. 2014).
Longshore current patterns of Odisha coast show northerly
during March to October, and during November to
February, the current moves toward south (Jena et al.
2001). Mishra et al. (2014) has measured the current cir-
culation pattern off Gopalpur and found NE or ENE
direction during January to June, while in July, the current
changes its direction to ESE. However, net longshore
transport direction is toward north. Chandramohan and
Nayak (1994) has estimated northerly longshore drift of
1.1 x 10°and 0.51 x 10° m*/year southerly drift.

Materials and methods

Satellite data products of different periods were used for
extraction of shoreline, and the detailed information of
these images are shown in Table 1. The spatial resolution
of the images ranges from 30 m (Landsat) to 2.5 m (Car-
tosat—I). Landsat data were downloaded from GCLF
(http://glcf.umd.edu/data/) Web site, and all other data, i.e.,
LISS-III, LISS-IV and Cartosat are obtained from National
Remote Sensing Centre (NRSC), Hyderabad, India. Many
researchers (e.g., Maiti and Bhattacharya 2009; Natesan
et al. 2014; Shetty et al. 2015) have used published topo-
graphical maps for rectifying the satellite images. Using
such techniques, it is difficult to select the exact ground
control points (GCPs) in both map and satellite images
which ultimately affect the accuracy of the shoreline
change results. In order to minimize the rectification error,
GCPs were collected using handheld trimble geoexplorer
global positioning system (Projection type—WGS 1984,
geographic). For GCP selection, permanent features such
as road intersection, building corner was selected and fixed
the GPS error <2 m. Most recent image, i.e., LISS-IV of
March 2014 was considered as a master image and used to

Table 1 Description of satellite data used in this study

register other images. Using field-collected GCPs, master
image were rectified by second-order polynomial trans-
formations using Erdas Imagine 2013 software. The num-
ber of GCPs used is ranged from 15 to 25, and it is
randomly distributed in image. Using image-to-image co-
registration method, all other images were rectified and
converted into UTM projection for shoreline extraction. In
order to check the accuracy of georeferenced images, root
mean square error (RMSE) between the GCPs and the
geographical coordinates of the same point on georefer-
enced images were calculated by applying following
Eq. (1):

2

RMSE = \/Z [(xs —x)" + (s — )’ (1)
i=1

where x, and yg are geospatial coordinates of the GCPs
collected using GPS; and x, and y, are coordinates of the
same point on the rectified satellite images. Minimum six
points were used for each image for RMSE calculation and
total error was maintained below 1 pixel which is
approximately 5 m for LISS-IV and Cartosat and 25 m for
Landsat and LISS-III images.

Shoreline detection and extraction

An idealized definition of shoreline is that it coincides with
the physical interface of land and water (Dolan et al. 1980).
There are number of proxies, e.g., dune line (Stafford and
Langfelder 1971), bluff top/cliff top (Priest 1999; Guy
1999), vegetation line (Hoeke et al. 2001), high water line
(Mccurdy 1950; Shalowitz 1964; Dolan et al.1980; Fenster
and Dolan 1999; Zhang et al.2002), wet/dry line (Overton
et al.1999) were established for shoreline detection and
extraction. Among different method, high water line is the
most commonly used proxy for shoreline detection. In this
research work, wet/dry lines of previous high tide of image
acquisition day were manually extracted from all the

Satellite Sensor Date of image Time of image acquisition Resolution m Data
acquisition (GMT + 5.30) source
Landsat ™ 29 November 1990 NA 30 USGS
Landsat ETM* 13 November 1999 NA 30 USGS
Cartosat Pan 10 September 2006 05:00:30 25 NRSC
Cartosat Pan 15 April 2006 04:59:20 2.5 NRSC
Cartosat Pan 18 October 2006 04:54:04 2.5 NRSC
IRS-P6 LISS-III 06 January 2008 05.00.38 235 NRSC
IRS-P6 LISS-IV 15 January 2013 05.06.45 5.8 NRSC
IRS-P6 LISS- IV 04 March 2013 05.07.07 5.8 NRSC
IRS-P6 LISS- IV 23 March 2014 05.06.35 5.8 NRSC
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images using ArcGIS 10.3 software. Using wet/dry line as
shoreline proxy, the error associated with tidal range can be
reduced (Kankara et al. 2014, 2015).

Shoreline change analysis

The shoreline change analysis was carried out by using
digital shoreline analysis system (DSAS) in GIS environment
(Thieler et al. 2009). 3082 transects were generated perpen-
dicular to coastline at 20 m spacing to compute the shoreline
change rates considering the spatial resolution of data. The
long-term shoreline change rates are calculated for 18, 23,
and 24 years covering different periods, i.e., 1990-2008,
1990-2013, and 1990-2014 using WLR method. WLR uses
a linear regression taking into account a weight for each
shoreline transect according to the shoreline uncertainty and
determines a best-fit regression line. The slope of this
regression line is the shoreline change rate as in Eq. (2).

y=my + b, (2)

where m,, is the slope (WLR rate) and b,, is y-intersect
(Himmelstoss 2009).

This method is more reliable as it takes into account all
available data and captures the nonlinear periodical chan-
ges. WLR minimizes potential random error and short-term
variability (cyclic changes) through the use of statistical
approach (Douglas and Crowell 2000). Along with posi-
tional and measurement uncertainties, it gives the standard
error of the estimated shoreline change.

Short-term shoreline changes are calculated and ana-
lyzed for shorter periods (i.e., <10 years) such as 1990-
1999, 1999-2006, 2006-2008, 2008-2013, and 2013-2014
using two data sets, i.e., youngest and oldest to compute the
changes for given period. End point rate (EPR) was applied
for short-term analysis, as given below:

Distance (A — B) inm
EPR (m/year) = Time between young(est anfi oldest shoreline

(3)

The end point rate is found as the difference in shoreline
position between the two shoreline years divided by the
time between surveys (Hapke et al. 2010). Analysis of
short-term shoreline variation will be helpful to study the
changes occurred due to seasonal variation and extreme
events like cyclone and storm surges. Apart from shoreline
change rate analysis, an attempt has been made to quantify
the amount of land loss/gain in the study area using
geospatial techniques. This is achieved by calculating area
between two shorelines for a given period. Figure 2 shows
a schematic diagram for the method adopted for land
loss/gain estimation.

For detailed analysis, the entire area has been classified
into four sectors, i.e., S-I to S-IV (Fig. 1). S-I—start from

Legend Land

Shoreline 2008
Shoreline 2000

Accretion

Fig. 2 Schematic diagram showing method adopted for area of land
loss/gain calculation

Patisonapur to Markandi river, S-Il—Markandi spit to
Kharai Nala river, S-III—Kharai Nala river to near Rush-
ikulya river, and S-IV—Rushikulya river to Prayagi. The
coastline between two rivers is marked as boundary for
each sector which is almost similar to sediment sub-cells.

Results
Long-term changes

Figure 3 shows the long-term (1990-2014) shoreline
change rate map of Ganjam district, and shoreline change
statistics of all four sectors are summarized in Table 2. The
results indicate that major part of the coastline in the dis-
tricts falls under accretion category. Maximum percentage
of erosion was noticed in S-IV (37.92 %) and S-III
(32.70 %), whereas S-I and S-II show maximum accretion
of 83.52 and 76.80 %, respectively. As mean shoreline
change rate is concern, S-I and S-III shows the maximum
value of 1.43 and 1.50 m/year, respectively (Table 2).
From long-term shoreline change analysis, it is found that
Ganjam coast is accreting with a rate of 1.12 m/year
between 1990 and 2014.

The cumulative long-term shoreline change rate for 18,
23, and 24 years (1990-2008, 1990-2013 and 1990-2014)
are shown in Fig. 4. From Fig. 4, the gradual increase of
accretion in southern part of Gopalpur port is clearly
observed, whereas ~ 8 km stretch of northern part of the
port exhibit erosion. Also, it is observed that before con-
struction of breakwater and groins low accretion and ero-
sion rate have been observed in both side of Gopalpur port.

In S-I, except river mouth and creek regions all places
shows accretion. High erosion rate of —19.84 m/year has

@ Springer
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shoreline change rate (m/year) Mean shoreline change (m/year) 143 0.42 1.50 0.97 112

of all four sectors in the study . .

area Minimum shoreline change (m/year) —19.84 —1.42 —14.21 —17.31 —19.84
Maximum shoreline change (m/year) 14.60 1.40 19.36 17.09 19.36
Mean accretion rate (m/year) 2.05 0.59 4.61 3.12 2.70
Mean erosion rate (m/year) —1.70 —0.15 —4.92 —2.53 —2.85
Standard deviation (m/year) 3.01 0.44 6.03 4.90 4.42
Length of shoreline that record erosion (km) 2.40 2.82 5.92 6.34 17.48
Length of shoreline that record accretion (km) 12.16 9.44 12.18 10.38 44.16
% of shoreline subjected to erosion 3.89 4.57 9.60 10.29 28.35
% of shoreline subjected to accretion 19.73 15.31 19.76 16.84 71.65

been observed in Bahuda river mouth. In S-II, erosion is
observed in Bauxipalli and Haripur creek areas. All other
locations in this sector show accretion with maximum and
mean rate of 1.4 and 0.59 m/year, respectively (Table 2).
In sector-1II, 67.29 % of coastline shows accretion with a
mean rate of 4.61 m/year. In this sector, two stretches are
found in accretion area: one is ~6 km coastal stretch south
of Gopalpur port and other is ~6.1 km of coastline south
of Rushikulya river mouth. The most prominent erosion hot
spot is northern part of Gopalpur port region where ~5 km
of stretch shows erosion. Also this sector shows the max-
imum standard deviation of 6.03 m/year (Table 2). In
S-1V, erosion is mainly found in Rushikulya river mouth
and Podampeta—Bateshwar coastal stretch. Major accretion

@ Springer

area of this sector is a 7 km coastal stretch south of Prayagi
village. Another accretion area of this sector is located
northern side Rushikulya river; here, ~3 km stretch shows
accretion.

Short-term changes

Short-term shoreline changes are calculated and analyzed
for shorter periods (i.e., <10 years) such as 1990-1999,
1999-2006, 2006-2008, 2008-2013, and 2013-2014
using EPR method, and the sectorwise erosion—accretion
patterns are shown in Table 3 and maps are shown in
Fig. 5. The detailed description of each sector is as
follows.
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Table 3 Sectorwise shoreline erosion/accretion pattern obtained from EPR analysis of different periods

Sectors 1990-1999 1999-2006 2006-2008 2008-2013 2013-2014

Erosion Accretion Erosion Accretion Erosion Accretion Erosion Accretion Erosion Accretion

(km) (km) (km) (km) (km) (km) (km) (km) (km) (km)
S-1 7.84 6.72 2.22 12.34 10.78 3.78 5.66 8.90 11.22 3.34
S-1I 8.68 3.58 1.42 10.84 10.78 1.48 3.44 8.82 11.86 0.40
S-1IT 13.58 4.52 0.28 17.82 15.80 2.02 5.46 12.64 8.14 9.96
S-1v 10.66 6.06 7.44 9.28 12.26 4.46 9.46 7.26 12.20 4.52
Total 40.76 20.88 11.36 50.28 49.62 11.74 24.02 37.62 43.42 18.22
Sector-1 area change is concern, 28.93 ha of land has been

This sector consists of 14.56-km-long coastal stretch
starting from Patisonapur to Markandi river mouth. It
consists of wide beaches with small foreshore sand dunes
and three minor river mouths. The backshore area of this
sector is mainly covered with plantations. During
1990-1999 period, 7.84 km shoreline exhibit erosion
with an average rate of —2.187 m/year (Table 3). Max-
imum erosion rate (—17.27 m/year) was noticed in the
northern part of Bhahuda river spit (Fig. 5a), whereas
southern side of the spit shows the accretion pattern.
But, in the case of Markandi river, both spits show
erosion pattern, whereas ~2 km coastline southern side
of Markandi river shows accretion. Almost equal amount
of land area has been eroded and accreted during this
period (Table 4). Comparing shoreline of 1999 and 2006
shows that erosion is reduced during these periods. More
than 80 % of shoreline in this sector shows accretion
pattern during this period (Fig. 5b). Erosion is observed
in spit region of Bhahuda river mouth. Shoreline change
rate of this sector range from —10.1 to 24.19 m/year. As

accreted during 1999-2006 period (Table 4). Again
during 2006-2008 periods, this sector changed into ero-
sion nature (Fig. 5¢). About 10.50 km of coastline shows
erosion, and accretion was limited only to 3 km stretch
in 2006-2008 periods. Accretion was increased during
2008-2013 period with a mean rate of 4.43 m/year.
Accretion was observed in ~8.9 km coastal stretch and
erosion was observed in 5.66 km shoreline in 2008-2013
periods (Fig. 5d). Erosion rate was increased in
2013-2014 periods in which 11.22-km coastline in this
sector exhibit erosion (Fig. 5e). Total of 18.33 ha of land
has been eroded in this sector during 2013-2014 periods
(Table 4).

Sector-11

This stretch is starting from northern end of Markandi spit
to Kharai Nala river covering 12.26 km of coastline. There
are three fishing villages, and one tourist spot, i.e.,
Gopalpur beach is located in this stretch. During
1990-1999 periods, more than half of this sector shows

@ Springer



92!

9 Page 8 of 17

Environ Earth Sci (2016) 75:929

19°17'30"N 19°24'40"N

19°10'20"N

19°17'30"N 19°24'40"N

19°10'20"N

Fig. 5 Maps showing short-term shoreline change rate of different periods.
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Table 4 Sectorwise land loss/gain pattern of different periods

Sectors 1990-1999 1999-2006 2006-2008 2008-2013 2013-2014

Loss (ha) Gain (ha) Loss (ha) Gain (ha) Loss (ha) Gain (ha) Loss (ha) Gain (ha) Loss (ha) Gain (ha)
S-1 9.55 9.24 4.50 28.93 15.00 4.19 14.57 19.36 18.33 14.64
S-11 9.35 241 0.01 27.53 18.40 0.90 2.58 10.45 7.19 1.02
S-1I1 31.35 7.57 - 66.67 30.31 2.75 31.42 71.23 10.10 16.92
S-1V 60.09 19.25 13.06 25.80 25.47 23.55 13.72 19.95 82.25 14.67
Total 110.34 38.47 17.57 148.93 89.18 31.39 62.29 120.99 117.87 47.25

erosion with a maximum erosion of —7.42 m/year with a
mean value of —0.678 m/year, respectively. Maximum
accretion rate observed in this stretch is 2.11 m/year. This
period witnessed the erosion in Gopalpur and Dhabalesh-
war beaches (Fig. 5a). But, during 1999-2006 this sector
changed into accretion coast (Fig. 5b). Erosion is limited to
only 1.42 km stretch, whereas 10.84 km of shoreline in this
sector shows accretion in 1999-2006 period. An area of
27.53 ha was accreted in this sector during 1999-2006
periods. But, during 20062008 periods entire shoreline of
this sector exhibited erosion with an average rate of
—11.65 m/year (Fig. 5c¢). Erosion 1is observed in
~10.78 km of coastline, and accretion is limited only to
1.48 km during 2006-2008. As area change is concern,
18.40 ha of land was eroded and relatively less area
(0.90 ha) was accreted in this sector during 2006-2008
period (Table 4). Accretion was increased to ~ 8.8 km in
this sector in 2008-2013 periods, and 3.4 km of coastline
shows erosion in this period (Fig. 5d). The entire coastal
stretch of this sector shows erosion during 2013-2014
periods with a mean erosion rate of 31.4 m/year (Fig. 5e).

Sector-111

This stretch starts from Kharai Nala river to near Rush-
ikulya river with a coastline length of 18.10 km. The
Gopalpur port was found in this stretch. During 1990-1999
period, shoreline change rate of this stretch range from
—9.11 to 6.97 m/year, respectively. Out of 18.10 km
stretch, 13.58 km of coastline exhibit erosion during
1990-1999 periods. Accretion is found only in a few
pockets with a maximum rate of 6.97 m/year. As area
change is concern, 31.35 ha of land was eroded and
7.57 ha was accreted in this sector during 1990-1999
period (Table 4). Compared to previous periods
(1990-1999), shoreline in this sector shows accretion in
1999-2006 periods (Fig. 5b). The entire coastline in this
sector changes in accretion nature with 66.67 ha of
accreted area during 1999-2006 periods (Table 4). The
coastline in this sector changed into erosion coast during
2006-2008 periods. Erosion was observed in 15.80 km
coastline, and 2.3 km shows accretion during this period

(Fig. 5¢). Erosion was reduced in this sector during
2008-2013 periods. Accretion was observed in 6 km
southern and 7 km northern side of the sector, whereas
erosion is found only in ~5 km stretch in the central part
(Fig. 5d). In both periods, i.e., 20062008 and 2008-2013,
30.31 and 31.42 ha of land was eroded in this sector. At the
same time, 71.23 ha were accreted during 2008-2013
period (Table 4).

Sector-1V

Sector -IV consists of 16.74 km coastal stretch starting
from Rushikulya river to Prayagi light house. Backshore of
this stretch consists of medium-sized sand dunes. About
10 km of shoreline exhibits erosion during 1990-1999
periods. High erosion rate (>30 m/year) was observed in
Rushikulya river mouth. Accretion was observed only in
6.06 km coastal stretch of Podampetta region (Fig. 5a).
Erosion was also noticed in ~4 km stretch south of
Prayagi light house. As area change is concern, 60.09 ha of
land was eroded and 19.25 ha were accreted during
1990-1999 period. Erosion is slightly reduced in this sector
during 1999-2006 periods (Fig. 5b). Maximum accretion
rate of 9.91 m/year was observed during the same periods.
During 2006-2008, 12.26 km of coastline shows erosion
and 4.46 km shows accretion in this sector (Fig. 5c). Ero-
sion was slightly reduced in 2008-2013 periods with an
average rate of —3.85 m/year. An area of 82.25 ha was
eroded during 2013-2014, and 14.66 ha were accreted
during the same period (Table 4).

Discussion

The east coast of India is well known for cyclones and
storm surges. Frequent occurrence of tropical cyclones and
floods plays a major role in shoreline changes in Odisha
coast (Mohanty et al. 2008). Figure 6 shows the tracks of
depressions and cyclones passed through Odisha coast
during the study period (1990-2014). During the month of
October 1999, two cyclones hit in Odisha coast within a
time span of 2 weeks which affected Ganjam district. A
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Fig. 6 Map showing tracks of cyclonic storms passed through Odisha coast during study period (1990-2014).Source: Cyclone E-Atlas (IMD

2015)

total of 14 cyclonic events (including depressions) have
occurred in Odisha coast during 1991-2000 periods (IMD
2008; Bahinipati 2014). Details of the historical
(1905-2013) cyclones that passed through Ganjam and
adjacent coast are shown in Table 5. The short-term change
results for the period 1990-1999 show high erosion rate in
all four sectors in the study area. During 2000-2007 peri-
ods, 11 cyclonic events occurred in Odisha coast, and
shoreline change rate for the period 1999-2006 shows that
all four sectors changed into accretion nature. Recently,
two major cyclones Phailin (October 2013) and Hud Hud
(October, 2014) hit on east coast of India especially in
Odisha and Andhra Pradesh coast. Both were very severe
cyclones that occurred after southwest monsoon. Behera
et al. (2014) have reported that major part of Ganjam coast
has eroded due to due to high waves generated by cyclone
Phailin. Amrutha et al. (2014) have observed Hs of 7.3 m
off Gopalpur during the Phailin cyclone time, whereas
maximum wave height of 8.4 m was observed in Bay of
Bengal during 1999 Odisha super cyclone (Rajesh et al.
2005). During Hud Hud cyclone, Hs of 6 m was observed
in Gopalpur region (Sirisha et al. 2015). Short-term change

@ Springer

result for the period 2013-2014 shows maximum erosion in
all four sectors of Ganjam coast which can be attributed to
impact of cyclones. Mishra et al. (2001) have observed that
most of the beaches of Ganjam coast are mostly accretional
with intermittent erosion during SW monsoon (June to
September) period. The long-term shoreline change result
of the Ganjam district also confirms this observation.
Phailin cyclone was significantly affected in Gopalpur port,
where 900 m of southern breakwater was totally devas-
tated. Sundaravadivelu et al. (2015) found that all the
groins constructed in the port region were partially dam-
aged due to cyclonic storms.

Many studies (e.g., Wells 1996; Kesel 1988; Day et al.
2000) show that reduction in sediment and water discharge
from rivers will play a major role in shoreline change
pattern especially in deltaic coast. Nineteen dams are
constructed across various rivers of Ganjam district mainly
for irrigational purposes.’ These constructions shall have
reduced the sediment supply to the sea and which ulti-
mately affect the shoreline configuration. Further study is

' http://india-wris.nrsc.gov.in/wrpinfo/index.php?title=Dams_in_
Odisha.
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Table 5 Details of cyclonic

storms that passed through the Sl no.  Year and date Type Landfall location
Gafllam anfl adjacent coast of 1 22nd September, 1905  Cyclonic storm Between Visakhapatnam and Gopalpur
Odisha during 1905-2013 .
(modified from Chittibabu et al. 2 26th October, 1909 Severe cyclonic storm Gopalpur
2004; Mishra and Panigrahi 3 13th May, 1910 Severe cyclonic storm Gopalpur
2014) 4 13th November, 1923  Very severe cyclonic storm  Gopalpur
5 19th November, 1924  Severe cyclonic storm Gopalpur
6 04th November, 1936 ~ Very severe cyclonic storm  Puri
7 10th October, 1938 Very severe cyclonic storm  Ganjam
8 16th November, 1942 Very severe cyclonic storm  Ganjam
9 30th October, 1943 Severe cyclonic storm Chilka
10 19th August, 1957 Severe cyclonic storm Chilka
11 9th October, 1967 Very severe cyclonic storm  Puri
12 10th September, 1968  Severe cyclonic storm Chilka
13 26th September, 1968  Severe cyclonic storm Chilka
14 29th September, 1968  Severe cyclonic storm Chilka
15 10th November, 1968  Severe cyclonic storm Chilka
16 7th September, 1971 Very severe cyclonic storm  Chilka
17 22nd September, 1972  Very severe cyclonic storm  Gopalpur
18 24th September, 1981  Severe cyclonic storm Puri
19 20th September, 1985  Severe cyclonic storm Puri
20 21st July, 1989 Severe cyclonic storm Gopalpur
21 7th November, 1995 Very severe cyclonic storm  Gopalpur
22 15th October, 1999 Very severe cyclonic storm  Gopalpur
23 12th October, 2013 Very severe cyclonic storm  Gopalpur
Fig. 7 Graph showing 6
sediment discharge
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river (data source: CWC 2015) S 5]
L
2
= 4
c
i)
g ]
o
2
]
=
o
2 24
(a]
<
)
£
3"
7]
0 .
N A
N & N $ N $ N $ 0 N
A A A
Periods

required to find the impact of these dams in shoreline
change patterns.

Rushikulya is a major river in the study area which covers
drainage area of 8963 km? with a total length of 160 km.

Shoreline change analysis of Rushikulya estuary shows that
the region is more dynamic and is changing the river mouth
configuration in different periods. Yearly (2002-2012) sed-
iment discharge data of Rushikulya river reveal that

@ Springer
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maximum sediment discharge occurred during the period
between 2005 and 2007 (Fig. 7). Accretion observed during
1999-2006 period can be attributed to high sediment dis-
charge observed in Rushikulya river during 2005-2007
periods. After 2008, sediment discharge has reduced by more
than 50 %. The sand spit formed in the river mouth has also
showed accretional trend during 2003-2013 periods, and
after Phailin cyclone, length of the sand spit has been reduced
(Kumaretal. 2014). Compared with 2013 and 2014 shoreline
position, it is found that 750 m of the spit was eroded which
is mainly due to Phailin cyclone (Fig. 8a, b). More infor-
mation of morphodynamics of Rushikulya spit is found in the
research work conducted by Pradhan et al. (2015). Apart
from Rushikulya river, the spit formed at Bahuda river also
shows significant morphological changes after Phailin
cyclone. The length of the southern spit of Bahuda river is
increased after cyclonic events, whereas northern spit has
been eroded (Fig. 8c, d).

The reason for the high erosion rate in S-II is attributed
to anthropogenic activity mainly the construction of

Fig. 8 Geomorphological
changes of spits. a Rushikulya
spit during 2013, b same
location at 2014. Note the
complete erosion of the spit
mainly due to Phailin cyclone.
¢ Bahuda spit morphological
changes during 2013, d same
location at 2014. Note the
erosion at the northern spit
during 2014

@ Springer

Gopalpur port. The port has been constructed in 1987 with
one pier, and in 2007, expansion of port is initiated. Two
groins 530 m long on southern side and 370 m north on
both sides of the channel are constructed during 2007-2010
periods, and 10 groins are constructed in northern side
during 2012 (Mishra et al. 2014). Apart from this, 365 m
breakwater has constructed in northern side and 1765 m on
southern side during 2012-2013 periods (Sundaravadivelu
et al. 2015). The present study found that these structures
play a major role in shoreline configuration in Ganjam
coast. Gopalpur port region falls in sector-1II, where
shoreline shows maximum erosion especially in northern
part of the port and in the southern part it is showing
accretion (Fig. 3). During 1990-1999 period, the northern
part of the port shows erosion and accretion was limited
only to <1 km stretch of southern side. The erosion in this
period is mainly due to the impact of super cyclone of
1999. The coastline of Gopalpur port region is again
changed into accretion nature during 1999-2006 periods.
Again in 2006-2008 periods, the northern part of the port

23 March 2014

23 March 2014
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changed into erosion and slight accretion was noticed in
south side. These changes are mainly due to construction of
groins during 2007-2008 periods. The short-term change in
2008-2013 periods clearly shows the complete erosion in
northern side of the port up to 4.5 km toward north and
accretion in the southern side up ~5 km. From this, it is
clear that coastal structures constructed in Gopalpur port
are controlling the erosion/accretion pattern. Slight accre-
tion observed in northern part of the port during 2013-2014

Breakwater

(A)

06.12.2014.06%35

Fig. 9 Field photograph showing major locations along Ganjam
coast. a Highly eroding Aryapalli beach located on the northern side
of Gopalpur port, b partially collapsed groins in Aryapalli, ¢ Gopalpur
tourist beach, arrow indicate the collapsed buildings due to past

periods was mainly due to beach nourishment work started
since June 2012. Mohanty et al. (2012) have studied the
impact of groins in Gopalpur port by analyzing beach
profiles and found that the rate of deposition on the
southern side of the port is much faster than the rate of
erosion on the north. After analyzing long-term shoreline
change rate, this study also found same observation. Study
conducted before construction of breakwaters and groins
found that beaches in Gopalpur regions shows accretion

Dune,

04.12.2014-16..33

cyclonic events, d spit formed in Marakandi river mouth, e wide long
beach of Patisonapur, showing accretion pattern, f Prayagi light house
beach with dunes
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pattern except SW monsoon period (Mishra et al. 2001).
Later studies show the Gopalpur region experiencing ero-
sion, which is mainly due to breakwaters and groins con-
structions (Patanaik 2004; Sanil Kumar et al. 2006). In
order to validate the results, field check has been carried
out during the month of December 2014 throughout the
study area. During field, shoreline position (wet/dry line)
was delineated using GPS and validated with shoreline
extracted from image. Also, we collected the information
from local fishermen to know the seasonal past shoreline
configuration. The fishing villages such as Bada Aryapalli
and Sana Aryapalli show high erosion (Fig. 9a, b), whereas
Gopalpur tourist beach located in southern side port shows
accretion (Fig. 9c). Beaches situated in further south of
Gopalpur, e.g., Patisonapur, Marakandi, Ramayapatnam,
etc. show accretion (Fig. 9d, e). Prayagi lighthouse beach
located at the northern end of the district shows
stable condition with foreshore dunes (Fig. 9f).

Like all other parts of the world, shoreline changes in
the Ganjam coast are mainly due to natural and anthro-
pogenic activities. Natural factors include repeated cyclo-
nic events, high wave height, and wave periods during SW
monsoon. Anthropogenic factors such as port development,
breakwater, and groin construction are the major causes for
shoreline change pattern.

Accuracy of any shoreline change study depends on
various factors such as resolution of the satellite sensor,
accurate delineation of shoreline, tidal range variation, and
image rectification error. The current research work was
limited to understand annual-to-decadal shoreline changes
using satellite data of different years. Spatial resolution of
the sensor is a deciding factor to estimate the periodical
shoreline changes. Medium-resolution satellite sensors
Landsat TM, IRS-LISS-III, etc. cause mixed pixel problem
for shoreline delineation, while high-resolution sensors like
LISS-IV are suitable to capture annual changes (Lu et al.
2011). In this study, in three periods (i.e., 2006, 2013 and
2014) high-resolution data were used for shoreline
extraction so that the mixed pixel problem was reduced in
this study to estimate interdecadal changes.

Region-specific shoreline change analysis is an essential
component for developing a shoreline management plan.
This is the first shoreline change study carried out in Odisha
coast using combination of medium- and high-resolution
satellite images, and it provides detailed information on
shoreline changes with field verification of results. This
research work standardizes the methodology to monitor the
shoreline changes using different resolution data sets in a
microtidal environment. The analysis reveals that shoreline
of Ganjam coast is affected by several cyclones/storm every
year. Further, the construction of breakwater and groins
obstruct the free flow of sediment along the coast which
results accumulation of sand in updrift side and erosion along

@ Springer

downdraft coast. The beach nourishment carried out between
groins as a shoreline management plan of Gopalpur port to
minimize the erosion has not yielded expected results as it
was washed away due to Phailin cyclone. For controlling
coastal erosion along Ganjam coast, a comprehensive
shoreline management plan is needed within the frame work
of Integrated Coastal Zone Management (ICZM). It is rec-
ommended that proper Environmental Impact Assessment
(EIA) studies need to be carried out using site-specific near-
shore hydrodynamic and sediment budget studies before
giving approval for coastal establishment such as ports and
harbors.

Conclusion

Understanding of shoreline changes on seasonal, annual,
short- and long-term provides a foundation to develop a
sustainable shoreline management plan. Shoreline change
rate analysis of Ganjam coast has been studied in order to
identify the erosion accretion pattern. Shoreline of different
period was extracted from various satellite images acquired
in different years. Long-term shoreline change rate has been
carried out for the period 1990-2014 using WLR method.
Short-term change analysis was carried out for five period—
1990-1999, 1999-2006, 2006-2008, 2008-2013, and
2013-2014—using EPR method. Long-term shoreline
change rate results reveal that 71.65 % of the coast falls
under accretion and 28.35 % coast falls under erosion cate-
gories. From short-term change analysis, the cyclic nature of
erosion/accretion pattern is found. Maximum erosion
(49.62 km) was observed during 20062008 period followed
by 42.43 km during 2013-2014. Short-term change for the
period 1999-2006 has been noticed as maximum accretion
period. Maximum land loss of 110.34 ha was noticed during
1990-1999 and minimum of 17.57 ha were observed in
1999-2006. As the causes of shoreline change are concern,
frequent occurrence of tropical cyclones and anthropogenic
activities such port development, breakwater and groin
constructions are the major factors responsible for shoreline
change of Ganjam coast. After construction of breakwaters
and groins, northern part of Gopalpur port is continuously
eroding, whereas in southern side it shows accretion. This is
mainly because of the interception of longshore drift by
breakwater and groins. The beach nourishment work carried
out since 2012 did not reduced the erosion in northern part of
the port. The Phailin cyclone occurred during 2013 signifi-
cantly damaged the Ganjam coast especially in Gopalpur
port region. Due to cyclone, significant morphological
changes have been occurred in Rushikulya and Bahuda river
mouth. The study proved that the use of multiresolution
satellite images has to be an effective approach for estimat-
ing shoreline change rate in microtidal region.
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