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Abstract The present study indicates that coastal geo-

morphology is controlled by the natural processes and

anthropogenic activities. The changes in shoreline posi-

tions of Udupi coast, western India, are investigated for a

period of 98 years using multi-dated satellite images and

topographic maps. The study area has been divided into

four littoral cells and each cell into a number of transects at

uniform intervals. Further, past shoreline positions have

been demarcated and future positions are estimated for 12

and 22 years. The shoreline change rate has been estimated

using statistical methods—end point rate, average of rates

and linear regression—and cross-validated with correlation

coefficient and root-mean-square error (RMSE) methods.

Resultant changes from natural processes and human

interventions have been inferred from the estimated values

of the back-calculated errors. About 53 % of transects

exhibit ±10 m RMSE values, indicating better agreement

between the estimated and satellite-based shoreline posi-

tions, and the transects closer to the cell boundaries exhibit

*57 % uncertainties in shoreline change rate estimations.

Based on the values of correlation coefficient and RMSE,

the influence of natural processes and human interventions

on shoreline changes have been calculated. The cells/

transects dominated by natural processes record low RMSE

values, whereas those influenced by human interventions

show lower correlation coefficient and higher RMSE val-

ues. The present study manifests that the results of this

study can be very useful in quantifying shoreline changes

and in prediction of shoreline positions.

Keywords Coastal management � Correlation coefficient �
Human intervention � Linear regression � Littoral cell �
Root-mean-square error

Introduction

Coastal vulnerabilities, such as shoreline changes and

coastal floods, affect the majority of coasts worldwide and

are accountable for destruction of property and infrastruc-

ture. Long- and short-term shoreline changes are associated

with various factors such as sediment supply, littoral

transport, secular sea-level changes, hydrodynamics of

nearshore environment, river mouth processes, storm surges

and nature of coastal landforms (Scott 2005; Kumar and

Jayappa 2009). Understanding the shoreline positions and

erosion/accretion trend through time are of elemental

importance to coastal scientists, engineers, and managers

(Douglas and Crowell 2000; Boak and Turner 2005).

Shoreline position measurements for various time periods

can be used to derive quantitative estimates of rate of pro-

gradation/regradation. Due to the dynamic nature of

shoreline boundary, its various indicator proxies can be

used to delineate ‘true’ shoreline position. The shoreline

indicators may be classified based on high-tide line or the

wet/dry boundary, mean high water (MHW) or mean sea

level (MSL), and shoreline features from remote sensing

(RS) coastal images (Boak and Turner 2005). In this study,

satellite images acquired during high-tide conditions have
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been selected and during the extraction of shoreline position

high-waterline has been considered as shoreline indicator.

Coastal processes in the study area are controlled by the

natural processes—waves, littoral currents, offshore relief

and river mouth/sea-level changes—and anthropogenic

activities, such as construction of coastal structures, sand

mining and dredging of navigation channels (Kumar and

Jayappa 2009; Kumar et al. 2010a). Rate of change in

coastal landforms and shoreline position is important in

advancement of setback planning, hazard zoning, erosion/

accretion perspectives, sediment budgeting, and con-

ceptual/predictive modeling of coastal morphodynamics

(Sherman and Bauer 1993; Al Bakri 1996; Zuzek et al.

2003). The shoreline change rate values represent the

summaries of the processes, which have affected the coast

through time, as reflected in historical shoreline position/

time data (Fenster et al. 1993). Several methods—end point

rate (EPR), average of rates (AOR), linear regression (LR)

and jack-knifing—are being widely used to estimate and

forecast the rate of change in shoreline. However, they are

always subjected to uncertainty because of inherent errors

and deficiencies in the model used to evaluate the historical

shoreline position. Calculation of accurate shoreline

change rates are frequently employed to summarize

historical shoreline movements and to predict the future

shoreline positions through different modeling procedures

(Li et al. 2001; Appeaning Addo et al. 2008). The accuracy

of shoreline change rate estimation reflects actual changes

and prediction of future changes depends on several

factors, such as the accuracy in shoreline position data,

variability of the shoreline movement, number of measured

shoreline data points (Kumar et al. 2010b), total time span

of the shoreline data acquisition (Douglas et al. 1998),

temporal and spatial bias in the estimation of shoreline

rate-of-change statistics (Eliot and Clarke 1989), and the

method used to calculate the rate (Dolan et al. 1991). In

addition, causes for variation in rate of change include

geomorphic features such as inlets, wave energy, engi-

neering changes, etc. (Douglas and Crowell 2000).

Several coastal morphodynamic studies have been car-

ried out using RS and geographical information system

(GIS) techniques as they are cost-effective, reduce manual

error and are useful in the absence of field surveys. The RS

and GIS applications have proved effective in delineation

of coastal configuration and coastal landforms, detection of

shoreline positions, estimation of shoreline and landform

changes, extraction of shallow water bathymetry (Jantunen

and Raitala 1984; Singh 1989; White and El Asmar 1999;

Lafon et al. 2002; Ryu et al. 2002; Siddiqui and Maajid

2004; Yamano et al. 2006; Kumar and Jayappa 2009; Maiti

and Bhattacharya 2009; Kumar et al. 2010a).

End point rate method is an effective technique to

estimate the long-term shoreline change rates by taking

only two shoreline positions (i.e., early date and current)

but it does not consider the variation within the time span

of the record (Dolan et al. 1991). AOR method is useful for

shoreline change rate studies and can yield better result

when more than one shoreline position datasets are avail-

able from calculated and averaged EPR values. However,

the LR method has proved to play an important role for

estimating the rate of change in shoreline position, as it

minimizes potential random error and short-term variabil-

ity (Douglas and Crowell 2000; Allan et al. 2003; Maiti

and Bhattacharya 2009). This method is also the most

reliable forecaster of shoreline trends for extended intervals

in the absence of physical changes such as opening of inlets

or human interventions. But, the reliability of using LR

method for predicting future shoreline positions decreases

for the shorelines which behave in a nonlinear, cyclic, or

chaotic manner (Fenster et al. 1993). In the present study,

the changes in shoreline positions of Udupi coast, western

India, are investigated for a period of 98 years

(1910–2008) using ancillary data and satellite images. In

addition, an attempt has been made to reconstruct the past

and predict the future shoreline positions based on statis-

tical methods of EPR, AOR and LR. The present work was

carried out in the Department of Marine Geology, Man-

galore University, India during 2010–2011.

Description of study area

The study area extends for about 60 km in the coastal zone

of the Udupi district, Karnataka state from Uliyargoli in

south to Yedamavina Hole inlet in north. It lies between

13�150–13�480N latitudes and 74�370–74�440E longitudes

and orientated in NNW–SSE direction (Fig. 1). The coast is

associated with long, narrow and straight open sandy bea-

ches, barrier spits, estuaries, and coastal ecosystems, such

as mangroves, coastal forest, and aquaculture ponds as well

as major and minor industries. It is a typical open, shallow

water, high-energy coast with beaches of moderate gradient

(8�–16�). Six river systems that originate in Sahyadri

(Western Ghats) hill ranges, a precipitous physiographic

feature, debouches in single or group of two/three—Ud-

yavara, Sita–Swarna and Kollur–Chakra–Haladi (K–C–

H)—into the Arabian Sea (Fig. 1). The sediment brought by

these rivers is the major source of sediment for the beaches.

The beaches of the study area are controlled and hin-

dered by natural causes—estuarine mouths, rock expo-

sures, source of beach material, littoral drift, wave

refraction, etc.—and human interferences such as con-

struction of [75 vented dams (a small barrier, of 5 to 7 m

high, with a vent built across the river in the lower reaches

for drinking water supply to the adjacent towns) across the

river courses, ports/harbors, breakwaters, seawalls, revet-

ments, etc. The area is densely populated and has a number
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of small fishing ports. It has economic and societal sig-

nificance as most of the local people depend on fishing

activities.

Geology and climate

The Indian Peninsular gneissic complex (granite, granitic

gneiss and migmatitic gneisses) and Bababudan Group

(quartzite, chloritic phyllite, metabasites and meta-grey-

wacke) of rocks of Archaean age are the dominant rock

types in the study area (Radhakrishna and Vaidyanadhan

1994). Basic intrusives like dolerites and gabbros and

acidic intrusives like pegmatite and quartz veins and pink

porphyritic granites are also found. Coastal sand is found

parallel to the coastline and amphibolites along the river

banks. The recent alluvium and colluvial deposits occur

along the riverbanks and seacoast. The exposures of crys-

talline rocks are found as isolated hills along the shore and

in the offshore. Black clayey marine sediments with a

thickness of 0.30 to [1.00 m occur as lenses along the

coast. Lateritic-capped pediplains are an important phys-

iographic feature of the study area. The district is covered

Fig. 1 Location map of the

study area showing shoreline

positions (during 1910–2008),

transects (Tr1.1–Tr4.34), littoral

cells (LC-I to LC-IV) and their

boundaries
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with three types of soils: (1) sandy soil—covering the

beaches and the adjoining stretches, (2) yellow loamy

soil—mostly along riverbanks and lower reaches of val-

leys, and (3) red lateritic soil—the most dominant soil type.

The presence of prominent linear beach ridges and swales

between Udupi and Kundapur indicates progradation of

coast in this sector. Offsetting of the straight-line coast,

acute bends in stream courses and minor differences in

elevation on either side of the beach ridges are evidences of

neo-tectonic activity in the study area. Deccan trap rocks

with unique development of columnar joints found at

St. Mary’s island off the Udupi coast have been declared as

a National Geological Monument (Abbas et al. 1991).

The study area experiences a typical maritime climate

with an average temperature of 26.5 �C. The winds are

mainly westerly or southwesterly and strong during the

southwest (summer) monsoon. The average annual rainfall

is 4,100 mm, of which about 80 % is received during the

southwest monsoon and the remainder during the northeast

(winter) and inter-monsoon months (Kumar et al. 2010a).

Significant wave height (Hs) of the area during non-

monsoon months is 1.5 m while during monsoon months, it

is [3.5 m. Tides are semi-diurnal with a mean tidal range

of 1.2 m and spring tidal range of 1.8 m (SOI 2007). Wave

breaker height, average surf zone width and wave period of

the region are 0.5–2.8, 15–100 m, 7–15 s, respectively

(Vijaya Kumar 2003).

Materials and methods

In the present study, RS, GIS and statistical techniques

have been used to evaluate the shoreline change rate and

cross-validation with root-mean-square error technique as

suggested by Fenster et al. (1993), Allan et al. (2003),

Maiti and Bhattacharya (2009), and Kumar et al. (2010b).

Future shoreline positions for 12 and 22 years with

reference to 2008 as the base year are predicted, based on

the estimated shoreline change rates. Topographic maps

and multi-spectral satellite images have been utilized to

demarcate the shoreline positions of different periods

(Table 1). Shoreline positions of different time periods

have been digitized accurately by taking high-water line

(HWL) into consideration. The vector layers were super-

imposed and overlay analyses of shoreline changes were

carried out to estimate the area of erosion and accretion

between 1910 and 2008 period. The study area has been

divided into four littoral cells (LCs) (LC-I to LC-IV) and

then, LCs were further divided into number of transects

(Tr1.1, Tr1.2,…, Tr1.n) (Fig. 1). Shoreline change rates

were estimated at each transects using three different sta-

tistical methods, namely EPR, AOR and LR (Table 2). To

estimate the inaccuracies/uncertainty in shoreline change

rate and cross-validate, the computed past shoreline posi-

tions, correlation coefficient (R) and RMSE, respectively,

were considered. Estimated rates of shoreline change are

used to predict the future shoreline positions using EPR

and LR models. Resultant changes from natural processes

and human intervention have been inferred from the esti-

mated values of the back-calculated errors. For the entire

study area, the transect-wise shoreline change rates have

been calculated and are given in Table 2.

Data analysis and geo-rectification

Different data products such as the Survey of India (SOI,

2007) topographic maps of 1910, 1967 and 1987 editions

(1:63,360, 1:50,000, 1:25,000 scales, respectively); Land-

sat 5 TM image of 1992 (30 m spatial resolution); and

Indian remote sensing (IRS)—1C and P6 linear self scan-

ning (LISS-III, 23.5 m resolution) images of 1997, 2001,

2005 and 2008 were employed in this study. To calculate

the short- as well as the long-term shoreline changes,

various datasets of eight different periods have been

Table 1 Details of the satellite data products, date and time of acquisition, tidal conditions and the amount of shoreline shift

Sensor Time (GMT

?5:30)

Date of

acquisition

Tide condition LC-wise total amount of shoreline shift (m)

Tidal

height (m)

Condition SL shift

from HT (m)

Katapadi

LC-I (10)a
Malpe

LC-II (8)a
Saligrama

LC-III (7)a
Maravanthe

LC-IV (12)a

IRS-P6 05:35:48 14-January-2008 0.76 Rising 0.87 8.7 6.96 6.09 10.44

IRS-P6 05:36:10 7-December-

2005

1.36 Rising 0.50 5.0 4.00 3.50 6.00

IRS-1C 05:31:50 4-December-

2001

1.27 Rising 0.48 4.8 3.84 3.36 5.76

IRS-1C 05:40:47 23-January-1997 1.40 Rising 0.08 0.8 0.64 0.56 0.96

Landsat5 TM 03:38:00 1-April-1992 2.28 Rising 0.8 8.0 6.4 5.6 9.6

SL sea level, HT high tide, LC littoral cell
a Beach slope in degrees
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Table 2 Shoreline change rate (m/year), correlation coefficient (R), cross validated RMS error (11- and 21-years), predicted future shoreline

positions (m) for the period 1910–2008 using EPR and LR methods

Transect no. Rate (m/year) R Back-calculated

RMS error (m)

Future prediction

by EPR (m)

Future prediction

by LR (m)

Geomorphologic

features/field

observations
EPR AOR LR 11 years

(1997)

21 years

(1987)

12 years

(2020)

22 years

(2030)

12 years

(2020)

22 years

(2030)

LC-I (between Uliyargoli and Udyavara river mouth)

Tr1.1 -0.86 -0.98 -1.25 0.76 14.44 48.09 -95.14 -103.79 -121.60 -134.09 Erosion-prone beach

(Uliyargoli), protected with

seawall

Tr1.2 -1.11 -1.21 -1.31 0.80 11.87 67.80 -122.55 -133.69 -137.90 -151.00

Tr1.3 -0.69 -1.00 -1.02 0.68 15.41 64.32 -75.72 -82.61 -111.62 -121.83

Tr1.4 -0.65 -1.22 -1.22 0.76 6.92 41.62 -71.80 -78.32 -134.50 -146.72 Receding open beach (Tr1.4–

Tr1.11)

Tr1.5 -1.28 -1.32 -1.47 0.90 17.45 31.09 -140.32 -153.07 -152.97 -167.67

Tr1.6 -1.16 -0.95 -1.21 0.77 8.47 41.18 -127.99 -139.62 -116.71 -128.78 Eroding beach; rock outcrops

are present

Tr1.7 -1.25 -1.14 -1.46 0.85 9.32 31.09 -137.44 -149.94 -140.42 -155.04 Maximum rate of recession

noticed

Tr1.8 -1.09 -0.90 -1.12 0.78 2.08 45.46 -120.08 -131.00 -110.56 -121.72 Beach (Tr1.8–Tr1.21) lies on

Udayavara spit

Tr1.9 -0.72 -0.44 -0.72 0.64 13.21 37.52 -79.17 -86.37 -62.86 -70.08 Open beach

Tr1.10 -0.26 -0.03 -0.14 0.25 30.40 18.87 -28.18 -30.74 -9.14 -10.53

Tr1.11 -0.10 -0.07 -0.12 0.21 40.51 9.05 -10.92 -11.92 -11.09 -12.31

Tr1.12 -0.01 0.16 0.10 0.24 25.29 10.57 -1.11 -1.21 14.56 15.58

Tr1.13 0.25 0.41 0.31 0.53 27.57 15.70 27.03 29.49 40.15 43.23 Stable beach from Tr1.13 to

Tr1.18

Tr1.14 0.32 0.38 0.42 0.84 9.33 11.81 35.59 38.83 44.76 48.98

Tr1.15 0.48 0.56 0.48 0.87 3.63 15.76 53.25 58.09 57.42 62.24

Tr1.16 1.21 1.37 1.07 0.85 4.87 3.41 132.92 145.00 135.80 146.50 Backshore is protected by

mangroves & Ipomoea—a

sand binder

Tr1.17 1.55 1.90 1.36 0.75 4.01 16.67 170.98 186.52 183.35 196.98 Maximum rate of

progradation is recorded

Tr1.18 0.55 0.80 0.49 0.58 15.16 3.29 60.83 66.36 72.62 77.51

Tr1.19 0.39 0.38 0.27 0.39 7.13 2.21 42.78 46.67 36.21 38.86 Beach configuration (Tr1.19–

Tr1.21) is influenced by

group of islands situated in

the offshore

Tr1.20 -0.35 -0.71 -0.63 0.55 11.35 50.57 -38.40 -41.89 -74.28 -80.60

Tr1.21 -0.62 -1.67 -1.19 0.41 5.25 167.38 -67.88 -74.05 -162.83 -174.69

Tr1.22 1.40 0.72 1.20 0.67 50.32 62.07 153.85 167.84 101.67 113.67 Growth of southern spit after

construction of the

breakwater on either side of

the Udyavara river mouth

in 1980s

LC-II (between Udyavara river mouth and Sita–Swarna rivers mouth)

Tr2.1 -1.04 -1.63 -1.07 0.68 17.78 29.41 -113.85 -124.20 -153.12 -163.85 Breakwater at the mouth of

river mouth acting as

barrier for littoral drift

Tr2.2 -0.56 -1.08 -0.86 0.67 24.60 10.21 -61.09 -66.64 -109.57 -118.17 Malpe harbour; tourist spot;

rock outcrops are present

Tr2.3 -1.53 -1.74 -1.49 0.89 8.98 49.83 -168.40 -183.71 -179.44 -194.37

Tr2.4 -1.74 -1.81 -1.86 0.83 20.63 84.62 -191.54 -208.95 -202.01 -220.60 Beach configuration is

influenced by St. Mary’s

group of islands situated in

the offshore

Tr2.5 -1.09 -1.73 -1.55 0.78 28.88 79.83 -120.24 -131.17 -182.26 -197.78

Int. J. Environ. Sci. Technol. (2014) 11:395–416 399

123



Table 2 continued

Transect no. Rate (m/year) R Back-calculated

RMS error (m)

Future prediction

by EPR (m)

Future prediction

by LR (m)

Geomorphologic

features/field

observations
EPR AOR LR 11 years

(1997)

21 years

(1987)

12 years

(2020)

22 years

(2030)

12 years

(2020)

22 years

(2030)

Tr2.6 -0.76 -1.19 -1.13 0.66 48.16 60.52 -83.23 -90.80 -128.00 -139.31 Opening of a new small inlet

in between 1910 and 1967

Tr2.7 -0.87 -1.03 -0.92 0.81 20.30 36.82 -96.10 -104.84 -107.90 -117.09

Tr2.8 -0.82 -0.89 -0.40 0.30 4.28 37.16 -90.56 -98.80 -74.49 -78.51

Tr2.9 -0.72 -0.90 -0.35 0.23 17.84 39.45 -79.54 -86.77 -72.82 -76.36 Progradation and recession is

a cyclic phenomenon

Tr2.10 -1.18 -1.55 -1.07 0.75 3.19 17.29 -129.48 -141.25 -148.28 -159.01

Tr2.11 -1.04 -1.09 -0.86 0.78 4.99 18.48 -114.20 -124.58 -108.73 -117.35

Tr2.12 -1.01 -1.21 -1.03 0.80 5.19 29.07 -110.64 -120.70 -124.21 -134.54 Open beach

Tr2.13 -0.54 -0.67 -0.66 0.66 1.99 19.18 -59.54 -64.96 -72.45 -79.06

Tr2.14 -0.82 -0.70 -0.77 0.69 1.66 24.86 -90.03 -98.22 -81.42 -89.15 Severely eroding Kemmannu

beach; seawalls are

partially collapsed

Tr2.15 -0.61 -0.73 -0.62 0.67 0.98 24.65 -66.64 -72.70 -74.53 -80.72

Tr2.16 -0.69 -1.17 -0.98 0.78 8.84 30.28 -75.88 -82.78 -119.92 -129.75 Lies (Tr2.16–Tr2.22) on

Oddu Bengre spit

Tr2.17 -0.80 -1.24 -1.14 0.84 4.02 32.73 -88.17 -96.18 -132.10 -143.48

Tr2.18 -1.24 -1.58 -1.30 0.85 5.25 25.86 -136.41 -148.81 -160.95 -173.99 Partially collapsed seawalls

Tr2.19 -1.57 -1.54 -1.35 0.84 4.45 43.55 -172.53 -188.22 -160.47 -173.92

Tr2.20 -1.52 -1.59 -1.55 0.95 19.47 21.43 -167.16 -182.35 -173.86 -189.36

Tr2.21 -1.58 -1.54 -1.87 0.86 13.13 28.18 -173.35 -189.11 -185.87 -204.52 Protected with seawall

Tr2.22 -1.97 -2.25 -1.86 0.83 10.24 17.12 -216.82 -236.53 -228.82 -247.42

Tr2.23 -2.45 -2.43 -2.43 0.60 72.87 57.86 -269.33 -293.82 -267.76 -292.04 Maximum rate of recession is

noticed near the river

mouth

Tr2.24 – -0.23 -0.05 0.04 15.92 103.20 – – -17.10 -17.62 Major shift of Sita–Swarna

rivers mouth toward south

by *2.30 km is recorded in

last 98 years

LC-III (between Sita–Swarna rivers mouth and Kollur–Chakra–Haladi rivers mouth)

Tr3.1 -0.25 -0.03 -0.10 0.14 18.94 11.90 -27.77 -30.30 -6.50 -7.47 Lies on Kodi Bengre spit

Tr3.2 -0.08 0.13 -0.21 0.24 4.40 6.38 -8.51 -9.28 -3.05 -5.10

Tr3.3 0.11 0.17 0.00 0.00 14.66 21.33 12.05 13.15 10.33 10.33 Protected with seawall

Tr3.4 0.24 0.43 0.25 0.28 6.76 25.36 26.83 29.27 38.47 40.97

Tr3.5 -0.15 0.04 -0.24 0.26 0.48 26.32 -16.65 -18.17 -10.16 -12.56

Tr3.6 -0.01 0.37 0.04 0.05 1.82 19.55 -0.62 -0.68 24.67 25.04 Open beach; sand dune in the

hinterland (about a

kilometer away from the

shoreline)

Tr3.7 -0.94 -1.22 -0.98 0.84 17.87 6.53 -103.39 -112.78 -122.93 -132.74

Tr3.8 -1.24 -1.48 -1.30 0.89 25.59 0.64 -136.50 -148.91 -153.32 -166.30

Tr3.9 -1.61 -1.75 -1.51 0.87 0.16 18.45 -176.80 -192.87 -180.92 -196.02

Tr3.10 -1.71 -1.75 -1.51 0.87 2.85 20.29 -187.80 -204.88 -181.14 -196.28 Open beach; seawalls are

collapsed; maximum rate of

recession recorded

Tr3.11 -1.06 -1.40 -1.10 0.73 6.45 25.12 -117.09 -127.74 -138.92 -149.88

Tr3.12 -1.02 -1.27 -1.04 0.77 6.59 29.91 -112.20 -122.39 -128.15 -138.58 Protected with seawall

Tr3.13 -0.43 -0.53 -0.38 0.55 7.20 30.97 -47.18 -51.47 -50.51 -54.33

Tr3.14 -0.16 -0.11 -0.09 0.20 4.44 26.73 -17.62 -19.23 -11.24 -12.18

Tr3.15 -0.06 -0.04 0.12 0.21 26.28 15.55 -6.57 -7.17 3.18 4.41

Tr3.16 0.15 0.01 0.36 0.36 12.39 3.88 16.72 18.24 17.71 21.34 Stable beach
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Table 2 continued

Transect no. Rate (m/year) R Back-calculated

RMS error (m)

Future prediction

by EPR (m)

Future prediction

by LR (m)

Geomorphologic

features/field

observations
EPR AOR LR 11 years

(1997)

21 years

(1987)

12 years

(2020)

22 years

(2030)

12 years

(2020)

22 years

(2030)

Tr3.17 -0.20 -0.62 -0.24 0.27 18.35 5.06 -21.51 -23.47 -50.79 -53.23

Tr3.18 -0.09 -0.51 -0.15 0.19 21.55 1.76 -10.41 -11.35 -38.05 -39.57

Tr3.19 0.12 -0.17 -0.03 0.09 3.33 3.11 12.69 13.84 -12.08 -12.42

Tr3.20 0.12 -0.39 -0.17 0.23 5.92 10.26 13.48 14.71 -31.84 -33.56

Tr3.21 0.19 0.01 0.20 0.32 16.79 8.93 20.95 22.85 9.77 11.81 Eroding beach; properly

constructed seawalls; small

inlets are joining the sea

Tr3.22 -0.01 -0.28 -0.05 0.07 23.25 4.13 -0.88 -0.96 -19.77 -20.22

Tr3.23 -0.10 -0.33 -0.11 0.18 23.08 11.44 -11.54 -12.59 -25.09 -26.23 Organic shells extraction is

done

Tr3.24 0.00 0.02 0.14 0.27 1.13 17.46 0.54 0.58 7.39 8.83

Tr3.25 -0.13 -0.15 0.01 0.01 3.48 4.12 -14.17 -15.45 -8.49 -8.41 Open beach; Casuarina trees

at the backshore

Tr3.26 0.04 -0.02 0.09 0.19 7.71 9.74 4.86 5.31 3.46 4.35

Tr3.27 0.03 -0.26 -0.11 0.19 12.90 11.05 3.45 3.76 -21.65 -22.72

Tr3.28 0.06 -0.51 -0.31 0.38 10.07 6.93 6.12 6.67 -47.16 -50.23

Tr3.29 -0.03 -0.41 -0.32 0.46 27.50 17.70 -3.31 -3.61 -40.36 -43.58

Tr3.30 0.44 0.38 0.33 0.60 11.14 26.77 48.75 53.18 39.33 42.65 Lies (Tr3.30–Tr3.35) on

Kasaba Kodi spit (southern)

Tr3.31 0.24 0.16 0.08 0.12 3.65 7.69 26.23 28.61 13.45 14.25

Tr3.32 -0.08 -0.01 -0.09 0.15 13.44 6.13 -8.28 -9.04 -4.95 -5.81

Tr3.33 -0.20 0.21 -0.01 0.01 9.05 14.82 -22.24 -24.26 12.79 12.72 Sand mining is observed

Tr3.34 -0.14 0.17 -0.04 0.08 8.10 5.38 -15.55 -16.97 8.18 7.76

Tr3.35 0.02 0.16 -0.12 0.10 27.17 50.83 2.42 2.64 4.72 3.52 Southern spit has been

reduced toward south by

*700 m; width of the K–

C–H rivers mouth has been

reduced

LC-IV (between Kollur–Chakra–Haladi rivers mouth and Yedamavina hole inlet)

Tr4.1 0.80 0.88 1.18 0.77 0.59 16.30 88.22 96.24 112.16 123.95 Lies on the tip of the Gangolli

spit

Tr4.2 0.90 0.92 0.99 0.81 0.53 21.12 99.40 108.44 104.26 114.11 Gangolli harbour

Tr4.3 0.79 0.76 0.80 0.75 11.52 19.50 86.45 94.31 85.71 93.71

Tr4.4 -0.48 -0.31 -0.45 0.47 12.50 2.06 -52.83 -57.63 -41.52 -46.04 Rock exposures (Tr4.4–

Tr4.7)

Tr4.5 -0.13 -0.14 -0.26 0.52 16.82 5.06 -14.57 -15.89 -21.54 -24.11 Rocky shore; light house is

present

Tr4.6 -0.87 -0.79 -0.78 0.80 8.41 24.05 -95.25 -103.91 -86.03 -93.86

Tr4.7 -0.70 -0.74 -0.64 0.81 0.16 26.20 -76.93 -83.92 -77.11 -83.48

Tr4.8 -0.54 -0.64 -0.57 0.63 0.72 40.34 -59.89 -65.33 -65.94 -71.62

Tr4.9 -0.81 -0.82 -0.68 0.67 9.35 45.77 -89.56 -97.70 -83.01 -89.77 Rock exposures

Tr4.10 0.08 0.01 0.02 0.03 9.57 37.17 8.87 9.68 2.12 2.35

Tr4.11 0.39 0.15 0.50 0.43 12.84 36.35 43.12 47.04 32.89 37.90 Open beach

Tr4.12 -0.33 -0.63 -0.30 0.30 11.62 15.93 -35.94 -39.20 -53.70 -56.66

Tr4.13 -0.38 -0.74 -0.37 0.37 1.11 17.10 -41.43 -45.20 -63.15 -66.80

Tr4.14 -0.60 -0.85 -0.54 0.48 6.89 40.52 -66.14 -72.15 -79.06 -84.47 Severely eroding beach;

seawalls are partially

collapsed; Kollur river is

running parallel to the

beach

Tr4.15 -0.49 -0.82 -0.53 0.51 11.36 30.26 -53.54 -58.41 -75.68 -80.93

Int. J. Environ. Sci. Technol. (2014) 11:395–416 401

123



selected between 1910 and 2008, based on their avail-

ability. The details of satellite data products and their

acquisition, tidal conditions, and computed shoreline shift

are given in Table 1.

The satellite images have been geometrically corrected

using ERDAS v.9.1 software. The SOI topographic map of

1967 has been taken as reference map for geo-rectification.

More than 50 ground control points (GCPs) were selected

on the satellite image as well as on the topographic map to

derive a polynomial transformation of the first (affine)

order. Horizontal accuracy of less than 0.3 pixels (about

10 m on ground) was achieved. RMSE has taken into

account both during image-to-image and image-to-map

geometric corrections. After geo-rectification, a nearest

neighbour interpolation method (as no change occurs to the

pixel values) was used to rectify and resample the images

into a universal transverse mercator (UTM) projection,

Zone 43 North (Kumar et al. 2010a).

The potential shoreline position error among the multi-

dated satellite images due to tidal variation, weather con-

ditions and pixel variations during data acquisition have

been optimized in the present study. In this method satellite

images were gridded uniformly and the normal sea con-

ditions and beach width were taken into account in the

selection of the best grid resolution as suggested by

Gourlay (1996), Hengl (2006) and Kumar et al. (2010b).

Selection of littoral cells and transects

Littoral cells are defined as relatively self-contained units

within which sediment circulates and essential in identi-

fying the discontinuities in rate or direction of sediment

transport (Bray et al. 1995). It is also used to understand the

interaction processes and management of shoreline at the

regional scale. The coastal stretch of study area has been

broadly divided into four LCs (LC-I to LC-IV) which have

similar sedimentary and hydrodynamic characteristics

(Fig. 1). The cell boundaries have been demarcated based

on stability of river/estuarine inlets, rock exposures, spits,

major/minor ports (Malpe and Gangolli) and artificial

structures. The boundaries of the four LCs are: (1) LC-I of

11 km, between the Uliyargoli and Udyavara river mouth;

(2) LC-II of 13.5 km, between the Udyavara river mouth

and Sita–Swarna rivers mouth; (3) LC-III of 18 km,

Table 2 continued

Transect no. Rate (m/year) R Back-calculated

RMS error (m)

Future prediction

by EPR (m)

Future prediction

by LR (m)

Geomorphologic

features/field

observations
EPR AOR LR 11 years

(1997)

21 years

(1987)

12 years

(2020)

22 years

(2030)

12 years

(2020)

22 years

(2030)

Tr4.16 -0.16 -0.34 -0.04 0.04 11.80 35.23 -17.39 -18.97 -22.91 -23.33

Tr4.17 0.33 0.19 0.45 0.52 2.79 23.31 36.45 39.76 33.50 38.03 Tourist spot

Tr4.18 0.24 -0.02 0.32 0.39 7.97 7.54 26.33 28.72 13.54 16.76

Tr4.19 0.07 -0.09 0.21 0.24 8.66 16.61 7.16 7.81 4.29 6.42

Tr4.20 -0.32 -0.44 -0.06 0.06 2.44 34.83 -35.17 -38.37 -29.93 -30.55 Severely eroding beach;

protected with seawalls

Tr4.21 -0.36 -0.86 -0.52 0.47 8.77 27.73 -39.40 -42.98 -77.29 -82.51

Tr4.22 -0.47 -0.96 -0.57 0.52 9.17 19.49 -51.60 -56.29 -87.37 -93.06

Tr4.23 -0.62 -0.94 -0.63 0.60 7.58 32.32 -67.89 -74.06 -88.47 -94.79 Open beach

Tr4.24 -0.34 -0.81 -0.43 0.42 13.93 16.09 -37.68 -41.10 -70.28 -74.61

Tr4.25 -0.67 -0.80 -0.67 0.80 10.92 14.90 -74.21 -80.96 -82.24 -88.94

Tr4.26 -0.33 -0.56 -0.40 0.41 3.26 36.48 -36.80 -40.15 -52.53 -56.49 Wide beach; protected with

seawall; small seasonal

streams in the vicinity

Tr4.27 -0.59 -0.77 -0.56 0.61 5.37 21.75 -64.98 -70.89 -73.42 -79.04

Tr4.28 -0.47 -0.71 -0.48 0.55 11.54 9.02 -52.03 -56.76 -67.22 -71.97

Tr4.29 -0.46 -0.77 -0.62 0.68 13.79 2.21 -50.66 -55.27 -77.85 -84.05 Rock exposures

Tr4.30 -0.44 -0.70 -0.42 0.49 6.94 2.31 -48.48 -52.89 -64.25 -68.44 Stable beach

Tr4.31 -0.55 -0.76 -0.58 0.73 8.89 6.03 -60.15 -65.61 -74.38 -80.18

Tr4.32 -0.18 -0.53 -0.26 0.34 19.40 2.22 -19.41 -21.17 -44.70 -47.28 Open beach

Tr4.33 0.26 -0.02 0.26 0.28 2.77 23.61 28.06 30.62 11.26 13.89

Tr4.34 0.44 -0.27 0.20 0.12 49.43 10.32 48.69 53.12 -8.52 -6.53 Near to Yedamavina hole

inlet

Negative sign indicates erosion
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between the Sita–Swarna rivers mouth and K–C–H rivers

mouth; (4) LC-IV of 17 km, between K–C–H rivers mouth

and Yedamavina Hole inlet. For high-resolution accurate

studies, each littoral cell has been further divided into

different transects (Tr1.1 to Tr4.34) with uniform interval

of 500 m, oriented perpendicular to the baseline.

Shoreline change rate calculations and predictions

The shoreline position of 1910 was considered as a refer-

ence line or zero (0) position to find out the significant

trend in the rate of shoreline change at all transects. With

reference to this baseline, progradation of the shoreline is

considered as a positive value, while recession as a nega-

tive value. The shoreline calculation and prediction tech-

niques allow the stability of a long-term trend relative to

intermediate ([50 years) and short-term (decennial) trends,

thereby best relating to the past with expected future

shoreline positions. In this study, three different methods,

such as EPR, AR and LR, have been used to calculate the

shoreline change rate and its forecast. Details of the

methods used are discussed below.

End point rate

End point rate is calculated by dividing the distance of total

shoreline movement by the time elapsed between the ear-

liest and latest measurements at each transect. The future

shoreline position for a given date is estimated using the

rate and intercept (Fenster et al. 1993):

Y ¼ mX þ B ð1Þ

where Y denotes shoreline position, X for date, B for the

intercept, and m for rate of shoreline movement. Given

shoreline datasets, numbered in ascending order by date,

the EPR intercept is:

BEPR ¼ Yn � mEPR � Xn ð2Þ

Average of rates

To incorporate the accuracy of the shoreline position data

and magnitude of the rate of change, Foster and Savage

(1989) developed an equation to determine whether any

given EPR meets a minimum time criterion (Tmin):
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E1ð Þ2þ E2ð Þ2
q

R1

ð3Þ

where E1 and E2 are the measurement errors in the first and

second point, respectively, and R1 is the EPR of the longest

time span for a particular transect.

Advantage of using AOR is that all the EPRs that sur-

vive the minimum time span equation are used and allows

calculation of the time-dependent variance from the AOR.

The two primary disadvantages of using AOR to compute

long-term trend are: (1) there is no computational norm for

modelling the minimum time span equation, and (2) the

results are sensitive to the choice of values selected to

represent the measurement errors (Dolan et al. 1991).

Foster and Savage (1989) do not suggest AOR as a general

computational method but it can be used as a method of

verification in combination with EPR and LR.

Linear regression

Linear regression is the most reliable method to predict

future shoreline positions and their associated confidence

intervals, if measurement errors and a linear trend of ero-

sion were the only determining factors over the longest

possible period of shoreline position (Crowell et al. 1997;

Douglas and Crowell 2000). LR can reveal if an association

exists, and in particular (via the R value), what fraction of

the variance of the dependent variable (shoreline position)

is attributable to the independent variable (time). This

method uses all the available data from many datasets to

find a line, which has the overall minimum of the squared

distance to the known shoreline.

To calculate the rate of change and to predict the future

shoreline position using LR, we have adopted the method

established by Kumar et al. (2010b). The shoreline position

(from SOI topographic maps) of 1910 has been chosen as a

baseline or zero (0) position to measure the amount of

shoreline shift. With reference to this baseline, prograda-

tion of the shoreline is considered as a positive value, while

recession as a negative value. The change in shoreline

position rate is calculated by the LR equation y = a ? bt,

where y is the shoreline shift during the year t, with y = 0

for t = 1910. The regression coefficient (b) represents

shoreline change rate and R is a measure of goodness-of-fit

of the equation to the present data. In the present study,

R[0.632 has been chosen as the threshold of certainty for

shoreline change rate calculation. The statistical signifi-

cance is considered at the 80 % level of confidence (instead

of 95 % confidence level) in view of small number of

samples, as suggested by Allan et al. (2003).

Results and discussion

Shoreline configuration is commonly dynamic, exhibit

temporal and spatial changes which are influenced by an

accelerated or decelerated accretion of sediments along the

coast. The complex interaction of a number of processes

and factors such as magnitude of wave energy reaching the

shoreline, secular sea-level changes, sediment supply and

beach sediment budget, morphological properties are
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responsible for recession of the shorelines (Amin and

Davidson-Arnott 1997) while river flow and wave breakers

play a significant role in shaping and orientating them

(Kunte and Wagle 1991; Narayana and Priju 2006).

Accelerated accretion or decelerated erosion results from

greater sediment deposition, whereas decelerated accretion

or accelerated erosion suggests greater sediment transport

(Morton 1979). Further, shoreline changes of the Udupi

coast are influenced by both the natural processes (waves,

littoral currents, offshore relief, river mouth changes and

sea-level changes) and anthropogenic activities (construc-

tion of coastal structures, sand mining and dredging of

navigation channels) (Jayappa et al. 2003; Dwarakish et al.

2009; Kumar and Jayappa 2009). Past shoreline positions

and rate of shoreline change, statistical results for selection

of shoreline-rate measurement, prediction of future shore-

line positions considering 1910 positions as base, role of

correlation coefficient and RMSE on shoreline prediction

and factors responsible for shoreline changes are explained

below.

Past shoreline positions

The shoreline positions and changes in the last 98 years

(1910–2008) indicate that all LCs are either subjected to

progradation or recession during the different periods

(1910–1967, 1967–1987, 1987–1992, 1992–1997, 1997–

2001, 2001–2005 and 2005–2008), however, there is net

recession in most of the transects from 1910 to 2008 (Fig. 2).

Littoral cell-wise, the shoreline change rate for all transects

has been calculated for 1910 as base year using EPR, AOR

and LR methods (Table 2; Fig. 3). Variations in rate of

change have been attributed to limited datasets, i.e., only one

dataset is available during the period from 1910 to 1967,

whereas after 1967, six available datasets were utilized for the

present study.

Littoral cell-I

In this cell, shoreline along the transects Tr1.2–Tr1.5 and

Tr1.20–Tr1.21 has receded during 1910–1967 with a maxi-

mum of 72 m (Tr1.21). Maximum shoreline progradation of

*200 m has been found in Tr1.17 during this period. During

1967–1987, most of the transects (except Tr1.13–Tr1.15)

underwent recession with a maximum of *210 m (Tr1.21),

near the river mouth (Fig. 2). After 1987, most of the tran-

sects are subjected to minor recession and the remaining

exhibit minor progradation. Transect Tr1.21 shows a pro-

gradation of*120 m during 1987–1992 and*135 m during

2001–2005. The net shoreline changes during 1910–2008

show recession at most of the transects (maximum in Tr1.7,

i.e., 122 m) while progradation has been recorded in Tr1.12–

Tr1.19 with a maximum of *152 m (Tr1.17).

Based on the computed results of all three methods

(EPR, AOR and LR), 59–63.64 % of transects of LC-I are

subjected to erosion (Table 3). The river mouth of Ud-

yavara near Tr1.22 has shifted *500 m toward south

during 1910–1987 but it again prograded by *900 m

during 1987–1992 and later minor changes have been

noticed. Values of rate of shoreline changes calculated

using AOR method are slightly different from those

obtained from EPR and LR methods, during the last 98

year period (Fig. 3). Maximum rate of shoreline recession

calculated by EPR and LR methods are 1.28 and 1.47 m/

year, respectively, in the Tr1.5, whereas the maximum

progradation rate is found in Tr1.17 for the last 98 years

(Table 2).

Littoral cell-II

In this cell, shoreline recession is recorded in all the tran-

sects during 1910–1967 but it was severe near the Sita–

Swarna rivers mouth (*177 m in Tr2.22). The river mouth

has been shifted toward south by *2.30 km and its width

has been increased by *100 m (400–500 m) during the

last 98 years (Fig. 1). A small inlet has been formed near

Tr.2.6 between 1910 and 1967. During 1967–1987 (except

transects Tr2.1, Tr2.8–Tr2.11, Tr2.22 and Tr2.23), 17

transects out of 24 are subjected to recession with a max-

imum of *170 m (Tr2.4). In the remaining periods, both

recession and progradation patterns have been observed in

all the transects except the Tr2.23 which shows a maxi-

mum recession of *173 m during 1987–1992 (Fig. 2).

The net shoreline change during 1910–2008 shows that

all the transects are under severe erosion with a maximum

of *240 m and the maximum rate of *2.4 m/year at

Tr2.23 (Table 2; Fig. 2). The shoreline rate calculated

using AOR method is varying compared to that of EPR and

LR methods. The rate of recession at most of the transects

varies between 0.5 and 2.5 m/year (Fig. 3).

Littoral cell-III

In the last 98 years, 63–68.5 % of transects experience

erosion with a maximum of *170 m in Tr3.10 (Table 3).

Out of 35 transects, only 12 shown progradation trend and

at the remaining 23 transects, shoreline positions are

receding with a maximum of *150 m (Tr3.9 and Tr3.10)

during 1910–1967. During 1967–87, shoreline recessions

have been recorded in transects Tr3.2–Tr3.6, Tr3.28,

Tr3.32–Tr3.35 with a maximum of *120 m (Tr3.35).

During 1987–2008, both recession and progradation trends

are noticed in most of the transects (Fig. 2). The width of

K–C–H rivers mouth was *600 m during 1910 has been

reduced to *380 m by 2008. The river mouth has been

shifted toward south by *700 m in the last one century.
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The shoreline change rate values obtained from different

statistical methods show a maximum recession rate of

*1.7 m/year at Tr3.10 (Table 2, Fig. 3). The rate of

shoreline recession has been considerably decreased in the

long run while shoreline progradation rate has been

increased in the last 48 years.

Littoral cell-IV

In this cell, all the transects, except Tr4.2–Tr4.5, show

shoreline recession during 1910–1967. On the contrary,

only Tr4.4 and Tr4.5 show shoreline recession during

1967–1987 and at other transects, shoreline prograded with

a maximum of *120 m (Tr4.11). From 1987 to 2001

period, shoreline positions at most of the transects are

receded but during 2001–2005, all the transects experi-

enced progradation with a maximum of *140 m near

Yedamavina Hole inlet (Tr4.34). Later, only ten transects

are subjected to progradation and the remaining ones

experienced recession (Fig. 2). From the computed results

of EPR and LR methods, *70 % transects of this cell are

subjected to erosion with a maximum change of *85 m at

Tr4.6 in the last 98 years (Table 3). Maximum prograda-

tion of *88 m has been noticed in Tr4.2. Maximum

Fig. 2 Showing the periodical shorelines changes (1910–1967, 1967–1987, 1987–1992, 1992–1997, 1997–2001, 2001–2005 and 2005–2008) in

all the littoral cells. The net change in the last 98 years is also shown
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shoreline recession rate of 0.8 m/year in Tr4.6 and pro-

gradation rate of 0.9 m/year in Tr4.2 are recorded (Table 2;

Fig. 3). The rate of recession at most of the transects vary

from 0.5 to 1.0 m/year, during 1910–2008 (Fig. 3).

Statistical results for the selection of shoreline change

rate measurement

The rate of shoreline changes achieved by three different

statistical methods has been compared with the values of

LR vs. EPR and LR vs. AOR (Fig. 4). The diagonal line in

the figure infers the possibilities between the two methods.

The R value nearly one indicates the good relation among

the independent and dependent variables. High degree of

correlation between LR vs. EPR values were noticed as

compared to that of LR vs. AOR in LC-I, -II and -IV

whereas, in LC-II, good correlation between LR and AOR

values are observed during 1910–2008 period (Fig. 4). The

computed values of shoreline change rate obtained by LR

and EPR methods are found to be close in all the LCs,

therefore, these methods were used for the prediction of

future shoreline positions. The computed results of LR

method suggest that most of the transects in all the LCs

have significant correlation coefficient ([0.63) (Table 3).

Predicted future shoreline positions

The future shoreline positions for 12 and 22 years, i.e.,

2020 and 2030, respectively, were calculated with respect

to the shoreline position of 2008 using EPR and LR

models (Table 2). The results obtained by these two

models do not seem to match exactly but ±10 m differ-

ence can be permissible due to different methods used in

the estimation of rate of change in shoreline position.

Hence, computed results of predicted shoreline position

(for next 12 and 22 years) using LR method has been

illustrated in Fig. 5.

In LC-I, the future predicted shoreline positions (for

next 12 years) show recession (Tr1.1–Tr1.12 and Tr.1.20–

Tr.1.21) and progradation (Tr1.13–Tr1.19 and Tr.22) with

Fig. 3 Showing the shoreline change rate values calculated using EPR, AOR and LR methods for all the four littoral cells taking 1910 shoreline

position as a base
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Table 3 Total statistical summary of all the littoral cells of the study area during 1910–2008

Sl. no. Shoreline statistics LC-I LC-II LC-III LC-IV In-total

1 Total number of transects 22 24 35 34 115

2 Shoreline length (km) 11 13.5 18 17 59.5

3 Mean rate of shoreline change (m/year)

EPR -0.18 -1.14 -0.23 -0.21 -0.40

AOR -0.23 -1.31 -0.31 -0.41 -0.53

LR -0.33 -1.13 -0.25 -0.19 -0.43

4 Minimum rate of shoreline change (m/year)

EPR -0.01 -0.54 -0.01 0.07 -0.01

AOR -0.03 -0.23 -0.01 0.01 -0.01

LR -0.12 -0.05 -0.01 0.02 -0.01

5 Maximum rate of shoreline change (m/year)

EPR 1.55 -2.45 -1.71 0.90 -2.45

AOR 1.90 -2.43 -1.75 -0.96 -2.43

LR 1.36 -2.43 -1.51 1.18 -2.43

6 Standard deviation of shoreline change

EPR 0.86 0.49 0.52 0.47 0.69

AOR 0.96 0.51 0.60 0.52 0.76

LR 0.93 0.55 0.50 0.51 0.71

7 Total transects subjected to erosion

EPR 14 23 22 24 83

AOR 13 24 22 28 87

LR 13 24 24 24 85

8 Total transects subjected to accretion

EPR 8 0 13 10 31

AOR 9 0 13 6 28

LR 9 0 11 10 30

9 Total transects record statistical uncertainty (R \ 0.63) 8 4 29 24 65

10 Total transects showing \10 m RMS error (for 11-year period) 10 12 18 21 61

11 Percentage of transects subjected to erosion

EPR 63.64 100.00 62.86 70.59 74.27

AOR 59.09 100.00 62.86 82.35 76.08

LR 59.09 100.00 68.57 70.59 74.56

12 Percentage of transects subjected to accretion

EPR 36.36 0 37.14 29.41 25.73

AOR 40.91 0 37.14 17.65 23.92

LR 40.91 0 31.43 29.41 25.44

13 Percentage of transects record statistical uncertainty (R \ 0.63) 36.36 16.67 82.86 70.59 56.52

14 Percentage of transects showing \10 m RMS error (for 11 years period) 45.45 50.00 51.43 61.76 53.04

15 Cross-validation of 1997 (11 years past) RMS error (m) (N = 115) 19.48 22.14 14.27 12.65 16.86

16 Cross-validation of 1983 (23 years past) RMS error (m) (N = 115) 50.36 44.78 18.14 24.57 34.38

17 Predicted avg. shoreline shift amount (m) in 12 years

EPR -19.98 -124.99 -24.90 -22.62 -43.46

LR -30.00 -136.09 -31.25 -34.36 -53.81

18 Predicted avg. shoreline shift amount (m) in 22 years (based on 2008)

EPR -21.79 -136.35 -27.16 -24.68 -47.42

LR -33.25 -147.42 -33.70 -36.25 -58.10

N is total number of transects considered for individual periods; negative sign indicates erosion
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respect to the shoreline position of 2008 (Table 2). The

predicted shoreline positions of EPR and LR models vali-

dating accurately (error of ± 10 m) at transects Tr1.7–

Tr1.8, Tr1.11, Tr1.14–Tr1.16 and Tr1.19 where the maxi-

mum recession and progradation were recorded in Tr1.7

(*137 m) and Tr1.16 (*132 m), respectively. However,

in the next 22 years, predicted shoreline position exhibits

similar recession and progradation trends whereas both the

models validate accurately at transects Tr1.7, Tr1.8,

Tr1.11, and Tr1.14–Tr1.19. In the case of Tr.12, the pre-

dicted shoreline models indicate two different trends for

next 12- and 22-year periods. The predicted values

obtained from EPR and LR models, EPR values show less

compared to that of LR value. In total, about 60 % tran-

sects of this cell have been predicted to be subjected to

recession (Table 2).

Fig. 4 Comparison of rate

values computed by various

methods for each transects

taking 1910 shoreline position

as a base. The diagonal line

indicates the equivalence

between the two methods and

R values near 1 indicate good

relation between the

independent and dependent

variables. Note that there is a

high degree of correlation

between LR vs. EPR compared

to LR vs. AOR
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In LC-II, prediction suggests that all the transects will

continue recession trend for the next 12- and 22-year

periods (Table 2). Out of 24 transects, only 6 (Tr2.9,

Tr2.11, Tr2.14, Tr2.15, Tr2.20 and Tr2.23) confer identical

values by EPR and LR models for both 12 and 22 years.

Maximum erosion of *270 m for 12 years and *290 m

for 22 years is predicted in Tr2.23 (Table 2). The EPR

model is unable to predict the shoreline position of Tr2.24,

whereas the LR model indicates change in shoreline for

both 12 and 22 years.

In LC-III, the future shoreline positions show recession

(Tr3.1–Tr3.2, Tr3.5, Tr3.7–Tr3.14, Tr3.17–Tr3.18, Tr3.22–

Tr3.23, Tr3.25, Tr3.29 and Tr3.32) and progradation

(Tr3.3–Tr3.4, Tr3.16, Tr3.21, Tr3.24, Tr3.26, Tr3.30–

Fig. 5 Linear regression (LR)

model predicted the shoreline

position for 12- and 22-year

periods, i.e., by 2020 (dotted

line) and 2030 (solid line) with

2008 as base year is shown for

all the four littoral cells (LC-I to

LC-IV). Each littoral cell is

enlarged and illustrated on the

right-hand side. Erosional

trends predicted between

Uliyargoli and Mattu Katpadi

coast in the LC-I (a). Further

north between Mattu Katpadi to

Udyavara Padukere of LC-I,

major progradation with minor

recession is predicted (b). The

model suggests erosional trends

for 12- and 22-year periods in

LC-II (c). Alternate erosion and

accretion trends have been

predicted for the next 22-year

periods in LC-III (d). Major

progradation and recession

trends have been predicted from

Gangolli to Maravanthe and

from Maravanthe to

Kirimanjeshwara, respectively

in LC-IV (e, f)
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Tr3.31 and Tr3.35) trends for the next 12 years (Table 2).

The EPR and LR models are validating the accurate

shoreline position values of transects Tr3.2–Tr3.3, Tr3.5,

Tr3.9–Tr3.10, Tr3.13–Tr3.14, Tr3.16, Tr3.24–Tr3.26,

Tr3.30, Tr3.32 and Tr3.35 for the next 12 and 22 years.

Computed values of EPR and LR models suggest that

*40 % of transects of LC-III will exhibit similar shoreline

position. However, those transects which have showed

shoreline recession and progradation trends for 12 years

will be continued with the same trend for the next 22 years.

Maximum recession of *180 and *200 m (at Tr3.10) and

progradation of *40 and *50 m (at Tr3.30) are recorded

for 12 and 22 years, respectively. For transects Tr3.6,

Tr3.15, Tr3.33, Tr3.34, recession can be predicted for 12

and 22 years by EPR model, whereas LR model indicates

progradation. On the contrary, for the transects Tr3.19,

Tr3.20, Tr3.27 and Tr3.28, progradation and recession are

predicted by EPR and LR models, respectively (Table 2).

In LC-IV, the future shoreline predictions for the next

12 and 22 years show recession at transects TR4.4–Tr4.9,

Tr4.12–Tr4.16, Tr4.20–Tr4.32 and the remaining transects

(except Tr4.34) show progradation. Transects Tr4.2, Tr4.3,

Tr4.5–Tr4.10, Tr4.16, Tr4.17, Tr4.19, Tr4.20, Tr4.25 and

Tr4.27 predict almost similar shoreline positions from EPR

and LR models for 12 and 22 years, whereas transect

Tr4.11 validates accurately for 22 years. Maximum

shoreline recession of *95 and *100 m for 12 and

22 years, respectively, recorded at Tr4.6, whereas the

maximum shoreline progradation of *100 m for 12 years

and *110 m for 22 years is recorded for Tr4.2. The pre-

dicted shoreline positions by EPR and LR models indicate

opposite trend for 12- and 22-year period at Tr4.34

(Table 2). Prediction for 12 and 22 years suggests *70 %

of transects of this littoral cell will exhibit erosion.

Role of correlation coefficient and RMSEs on shoreline

prediction

The independent variable (time) does not allow any pre-

diction of the dependent variables (shoreline positions)

when the values of R equals 0, and can perfectly predict the

future shoreline position when R is equal to 1. Uncertainty

in the rate of shoreline change measurement has been

recorded in all the four LCs (Table 2). In LC-I, during

1910–2008, correlation coefficient value is found to be

C0.76 (i.e., 99 % significant level) at ten transects (Tr1.1,

Tr1.2, Tr1.4–Tr1.8, Tr1.14–Tr1.16), whereas the R value is

found to be C0.63 (95 significant level) at four transects

(Tr1.3, Tr1.9, Tr1.17 and Tr1.22), and in the remaining

eight transects, R is recorded \0.63 (Tables 2, 3). In total,

*66 % of the transects of this littoral cell show the sig-

nificant accuracy in the prediction of the future shoreline

positions (Table 3). In LC-II, R value is found to be C0.76

at 13 transects (Tr2.3–Tr2.5, Tr2.7, Tr2.11, Tr2.12,

Tr2.16–Tr2.22) whereas it is C0.63 at 7 transects (Tr2.1,

Tr2.2, Tr2.6, Tr2.10 and Tr2.13–Tr2.15) and R value in the

remaining 4 transects is \0.63 (Table 2). The statistical

computation reveals that about 83 % transects of this lit-

toral cell are able to accurately predict the future shoreline

positions (Table 3). In LC-III, five transects (Tr3.7–Tr3.10,

Tr.3.12) show R value of [0.76 and only one transect

(Tr3.11) shows [0.63 of R, whereas the remaining tran-

sects exhibit \0.63, during 1910–2008 (Table 2). In LC-

IV, only nine transects (Tr4.1–Tr4.3, Tr4.6–Tr4.7, Tr4.9,

Tr4.25, Tr4.29 and Tr4.31) exhibit the R value of [0.63

during 1910–2008 (Table 2). In total, uncertainties in

shoreline prediction were found to be more in LC-III and

LC-IV (82 and 73, respectively).

Out of 115 transects from all the four LCs, R value is

found to be 95 significant level (C0.63) at 50 transects,

whereas the remaining 65 transects recorded comparatively

less significant and higher uncertainty in prediction

(Tables 2, 3). Highest number of transects (16) of LC-III

compared to other LCs show R B 0.2 indicating the

unpredictability in forecasting the future position. The

uncertainties in R values are mainly observed in transects

those are adjacent to estuaries, inlets, spits, breakwaters,

ports and harbours.

RMSE is the difference between the desired output

coordinate for a GCP and the actual output coordinate for

the same point, when the point is transformed with the

geometric transformation (ERDAS 2005). It is an indicator

of the goodness-of-fit of the transformation to the selected

GCPs, thus, it is only a crude indicator of positional

accuracy throughout the image (White and El Asmar

1999). RMSE values estimated for the past shoreline

changes (with respect to 2008 shoreline position), i.e., for

11 and 21 years, range from 0.16 (Tr3.9, LC-III) to

72.87 m (Tr2.23, LC-II) for 11-years and 0.64 (Tr3.8, LC-

III) to 167.38 m (Tr1.21, LC-I) for 21-years during

1910–2008 (Table 2). For the 11-year period, 53 % of

transects show \10 m RMS error, while for the 21-year

period only 23 % transects show an error of \10 m

(Table 2). In each littoral cell, the majority of transects

show lower RMSE values for the 11-year period compared

to that of 21-year period (Table 2). Littoral cell-wise

RMSE estimation for 11- and 21-year periods is given in

Table 3 to arrive at meaningful inferences with respect to

geomorphological observations. RMSE values computed

for the entire cell (all transects in each cell), it is observed

that the values are less for 11-year period in all the four

cells (Table 3). The results of RMSEs can be used to
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understand the role and extent of natural processes and

anthropogenic activities on shoreline changes. Taking into

account the shoreline position of 1910 as base, most of

transects of all the four LCs are predicted to exhibit erosion

for 12 and 22 years (Tables 2, 3).

Shoreline changes due to coastal processes

and monsoonal variation

Shoreline changes depend on the shoreline configuration,

source and sink of sediment, and the hydrodynamics of the

nearshore region. The wave-induced longshore currents

produce spatial variations in the erosion/accretion pattern

of beach and the wind induced circulation has a direct

bearing (Rajith et al. 2008). Recession/progradation of

shoreline is generally controlled by the temporal variability

in the intensity and reversibility of wave directions and

associated longshore currents, coastline orientation and by

the existing coastal protection structures (Frihy et al. 2003).

This coast is influenced by two monsoons: (1) the south-

west (summer) monsoon (June–September) which is

stronger than (2) the northeast (winter) monsoon (October–

December). During southwest monsoon, the coastal current

is stronger and sets-in clockwise direction, while during the

northeast monsoon, it is in the counter-clockwise direction.

As a result, littoral current in the study area are directed

toward south during November–April when waves

approach from WNW and NW directions and toward north

from May–October when waves approach from SW, WSW

and W directions (Hariharan et al. 1978; Narayana et al.

2001; Jayappa et al. 2003). Therefore, it is important to

understand how sediments from various sources on the

beaches are reworked and redistributed by the nearshore

hydrodynamic processes. When, littoral drift is directed

toward south and any construction acting as barrier to this

drift results in erosion on the downdrift side. Any

obstruction to littoral sediment transport due to the pres-

ence of natural headlands, shoals, man-made structures

(breakwaters, seawalls, groynes), etc., the equilibrium

profile of the natural beach is disturbed (Rao et al. 2009; El

Banna and Hereher 2008).

Monsoonal rainfall is one of the important factors that

control the coastal processes and determines the freshwater

discharges through river systems along this coast. A strong

relationship was reported between the variability of rainfall

and sediment transport, where high sediment discharges are

recorded with high rainfall (Syvitski and Morehead 1999;

Avinash et al. 2012b). Further, high wave activity during

intensive monsoon makes the sea rough, and erodes the

sediment along the coast, resulting in change of the

shoreline configuration. Whereas, the low rainfall results in

the reduction of sediment supply to the coastal region. The

recent study carried out by Kumar et al. (2010b) suggests

that the rainfall (normal 4,000 mm) during the southwest

monsoon (June to September) constitutes about 87 % of the

annual rainfall. From the last 105 years (1900–2005),

annual average rainfall data reveals that the rainfall was

generally above normal (4,100 mm) during 1910–1934 and

1955–1964; however, the rainfall was below normal during

1934–1955. Excess rainfall was recorded during

1974–1984 and 1990–1997 and low rainfall during

1967–1974, 1984–1990 and 2000–2005 periods. The

detritus, derived from the Sahyadri hill ranges and trans-

ported through midlands to the coastal area by the river

systems during the monsoon season, nourishes the beaches

along the coast. The low rainfall since 2000 would have

resulted in reduction of sediment supply to the coastal area.

In summary, the intensive monsoon rainfall and sediment

supply from the hinterland influence the configuration and

position of the shoreline.

During pre-monsoon season, surging, spilling and

plunging breakers with the significant wave height of

1.2 m, whereas it goes up-to 1.5 m during post-monsoon

season. However, maximum wave height of 4.0 m (further

south off the coast of Mangalore) is observed during SW

monsoon (Avinash et al. 2012a). In the monsoon season,

the wind energy was observed to be much greater, resulting

in larger amplitude waves and strong littoral currents. In-

fragravity and far infragravity edge waves, coupled with

strong reflections and undertow, play an important role in

the hydrodynamics along the southwest coast of India

(Tatavarti et al. 1996). In addition, the larger and strong

waves and undertow processes continuously disturb and

erode the nearshore bed during monsoon season and

therefore sediments are triggered into suspension and

transported. As the low-frequency motions are three

dimensional, they carry suspensions laterally (Tatavarti

et al. 1999), thereby resulting in variations in shoreline

positions. Although, large scale erosion takes place during

the southwest monsoon, almost all the open beaches

gradually start regaining the lost sand during post-monsoon

season. But this balance is not found along the human

intervened shorelines and at places interrupted by rock

promontories or rivers mouth (Vijaya Kumar 2003).

Interruption of longshore transport across the mouth of a

river inlet is facilitated by the trapping of littoral sand to a

varying extent by the inlet, resulting in reduced sand

bypass to the down-drift shorelines. In other words, the

inlets are sediment sinks at times (Fitzgerald 1988; Oertel

1988; Hayes 1991).

Impact of mean sea-level rise on shoreline

configuration

Sea-level rises (SLRs) have direct impact on the shoreline

changes which correspond to higher shift to the zone of
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wave action on the beach. This would be reflected in a

shoreline recession which will be larger on gentler slopes.

Considerable interannual and interdecadal sea-level chan-

ges at a coast are forced primarily by large-scale winds

(Clarke and Liu 1994; Shankar and Shetye 2001; Han and

Webster 2002), large changes in salinity (Shankar and

Shetye 1999; Shankar and Shetye 2001) as well as ‘steric

oscillations’, which are due to the changes in specific

volume (Shankar 2000). Bruun (1962) has developed a

model which estimates the shoreline recession with respect

to rise in sea level. If this model is considered for Karna-

taka coast, it suggests every millimetre rise of sea-level

will result in a shoreline retreat of about 1 m (Dwarakish

et al. 2009). Whereas, earlier studies reveal that there is a

relative sea-level fall and SLR along the Mangalore coast,

since the land is rising along the Mulky–Pulicat lake

(MPL) axis close to 13�N latitude (Subrahmanya and Rao

1991). Dwarakish et al. (2009) have reported that the

Udupi coast is vulnerable to susceptible SLR [59 % (very

high risk), 7 % (high), 4 % (moderate) and 30 % (low

vulnerable)] due to its low topography, high ecological and

tourist value.

The estimated trends are consistent with the global

estimates reported in the third assessment report (TAR) of

Fig. 6 a The beach near Uliyargoli (Tr1.1) is protected by seawall;

b partially collapsed seawall near Uliyargoli; c dumped boulders to

protect the beach from recession near Udyavara Padukere (Tr1.16);

d breakwater construction on southern side of the Udyavara river

mouth (Tr1.22); e tourist beach in Malpe (Tr2.2); Ipomoea—a sand

binder is seen at the backshore; f severely eroding Kemmannu beach

(Tr2.14)
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IPCC (Church et al. 2001), suggesting that the sea-level

trends in the north Indian Ocean are comparable to global

estimates. Over the globe, based on tide-gauge data,

Douglas (2001), Church et al. (2004) and Holgate and

Woodworth (2004) used reconstruction methods to

determine the spatial pattern of global SLR of

1.8–2.0 mm/year during 1950–2000. These results were

used to describe the regional sea-level changes and sug-

gest values close to 2.0 mm/year in the north Indian

Ocean, except the northeastern part of the Bay of Bengal,

where values of [4 mm/year are found. The SLR varia-

tions suggest that the retreat along studied section may be

gradually influencing and responsible for erosion. Hence,

the Udupi coast is vulnerable to accelerated SLR and the

rate of erosion of this coast during 2000–2006 was

0.6018 km2/year compared to the rate of accretion and

around 46 km of the coastline is under critical erosion

(Dwarakish et al. 2009).

Shoreline changes due to anthropogenic activities

The presence of morphological structures on the shore-

line results in seaward retreat of shoreline in the up-drift

side and advances landward in the down drift side.

Erosion/accretion is a cyclic phenomenon, which is nor-

mal along this coast. Beaches along the barrier spit are

subjected to erosion due to migration of rivers mouth.

Construction of breakwaters in 1980s on either side of

Udyavara river mouth (LC-I and -II) results in significant

growth of the southern spit. The change in beach con-

figuration away from this estuarine mouth is influenced

by St. Mary’s group of islands situated in the offshore.

Major shift of Sita–Swarna rivers mouth (LC-II and -III)

toward south by *2.30 km is recorded for the last

98 years, due to southerly drift which is predominating

over northerly drift and coastal waves are stronger than

river flow. Width of K–C–H rivers mouth (LC-IV) was

*600 m during 1910 has been reduced to *380 m

during 2008 which has been attributed to the construction

of coastal engineering structures (Gangolli harbour,

breakwaters and seawalls). Uliyargoli, Padukere, Vad-

abandeswara, Tonse, Kemmannu Hude, Parampalli and

Kundapur Kodi are found as eroding beaches in the study

area, whereas Kodi Bengre, Gangolli, Maravanthe bea-

ches are highly vulnerable for erosion (Figs. 6, 7). A

cumulative length of *7 km seawalls has been con-

Fig. 7 a A small inlet and seawalls are observed near Kumbhashi

(Tr3.21); b organic shells extraction from the beach near Bijadi

(Tr3.23); c sand dune in the hinterland near Saligrama (1 km away

from the shoreline; Tr3.6); d severely eroding Maravanthe beach

protected by seawalls (Tr4.20)
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structed in the study area to protect the beaches from

erosion, but most of them are partially destroyed.

Conclusion

Shoreline change analysis spanning 98 years along the

Udupi coast supplemented by RS, GIS and statistical

methods have contributed a better understanding of rates-

of-change to evaluate spatial and temporal variability and

to forecast future shoreline position to remediate the

coast.

Shoreline change rates of Udupi coast estimated using

EPR, AOR and LR methods suggest that the high degree

of correlation between LR vs. EPR values were noticed

as compared to that of LR vs. AOR. The investigation

reveals high degree of correlation between LR and EPR

methods, hence, these rates were used in the prediction

of future shoreline positions. Correlation coefficient and

RMSE are calculated to interpret the inaccuracies in rate

and used in cross-validation of past shoreline positions.

The results exhibit good agreement in values by EPR

and LR models where the back calculated RMS error is

\10 m. Lower RMSE value for the 11 year period

compared to that of 21 year period in most of the

transects is noticed. More uncertainty in shoreline pre-

dictions are recorded wherever the correlation coefficient

is \0.2.

The study reports that the human interventions play a

vital role in shoreline changes, in addition to natural

processes. After the construction of breakwaters in 1980s

on either side of Udyavara river mouth, significant

growth (*45 m/year) of southern spit has been recorded.

Major shift of Sita–Swarna rivers mouth toward south by

*2.30 km is recorded due to the southerly drift. Width

of Kollur–Chakra–Haladi rivers mouth which was

*600 m during 1910 has been reduced to *380 m

during 2008.

The cross-validated results indicate that the investiga-

tions for short-term (12 year period) are more reliable in

estimating the shoreline positions for the regions affected

by anthropogenic interventions; whereas, long-term (22

year period) studies can be used for reliable estimates of

relatively stable or unaffected regions.
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