Ocean Science Journal (2022) 57:475-492 Online ISSN 2005-7172

https://doi.org/10.1007/s12601-022-00081-z Print ISSN 1738-5261
ARTICLE q
Check for
updates

Monsoon-Driven Geomorphological Changes Along the West Coast
of Sri Lanka: A Combined Approach Utilizing ‘CoastSat’ and Google
Earth Engine

Gunasinghage Prasadh Gunasinghe'?® . Nalin Prasanna Ratnayake' - Amila Sandaruwan Ratnayake? -
G.V.l. Samaradivakara' - Nimila Praneeth Dushyantha3 - Ravindra Jayaratne* - Kodithuwakka Arachchige Dinusha? -
Akalanka Silva®

Received: 7 December 2021 / Revised: 18 April 2022 / Accepted: 2 May 2022 / Published online: 7 July 2022
© The Author(s), under exclusive licence to Korea Institute of Ocean Science & Technology (KIOST) and the Korean Society of Oceanography (KSO) and
Springer Nature B.V. 2022

Abstract

Long-term field monitoring of shoreline changes is time-consuming, expensive, and labor-intensive. Instead, satellite images
can be used as an alternative method to collect field data. The time-series satellite images are available at any location in
the world that can be processed with the Google Earth Engine cloud environment. This study primarily focuses on shoreline
change detection and describing the coastal geomorphology of three urban beaches on the west coast of Sri Lanka. The
study extended from 2015 to 2021 during which large-scale coastal development projects were carried out in the study area.
The ‘CoastSat’ toolkit was used to extract the time-series of shoreline positions. Time-series shoreline position obtained
through ‘CoastSat’ was compared with the field measurements carried out using the Global Navigation Satellite System tech-
nique with a horizontal accuracy of 7 mm. The results indicate that the average horizontal difference of shoreline positions
obtained by ‘CoastSat’ and field observation was 7.5+ 1 m in Agulana-Ratmalana on 19 August 2019, and was 8.3+ 1 m
in Kalutara on 29 July 2020. The extracted shoreline changes show erosion and deposition patterns affected by monsoon
seasonality and anthropogenic events. The results further show that North of Mount Lavinia Beach was accreted from 18 to
27 m, while South of Mount Lavinia Beach was eroded from 12 to 17 m. Accretion was mainly due to sand nourishment in
the area during the 1st quarter of 2020. Furthermore, Agulana-Ratmalana Beach predominantly accreted from 22 to 30 m,
while the northernmost transect (AR 1) had a steady-state beach condition. This was again due to nourished sand during the
Ist quarter of 2020. In contrast, accretion and erosion trends in Kalutara Beach are mainly due to the breakup of the river
mouth sand bar to control flooding by the artificial cutting open of the sand spit bar in 2017. The transect (KL2) near the
broken sand spit bar at the north of Kalutara shows severe erosion (56 m), since northward longshore transport of sediment
has stopped with the breakage of the sand spit bar. In contrast, Kalutara south transects show an accretion to steady-state
condition due to the existing hard engineering structures. Consequently, the study suggests that the CoastSat: A Google
Earth Engine-enabled Python toolkit can be used to extract shoreline positions and to detect medium-to-large-scale coastline
changes with appropriate tidal corrections, when and where there are no long-term coastal field measurements available.
This method could be adapted to any coastal area in the world for acceptable shoreline detection that would be very useful
for planning and evaluating coastal management strategies.
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1 Introduction

The highest intersection line of land and sea at a certain
tidal elevation is considered as ‘shoreline’, and it is vital to
demarcate the land-seawater boundary. An instantaneous
shoreline can be defined as the location of the land—seawa-
ter boundary at a given time (Gens 2010). Under various
circumstances, the different types of shoreline bounda-
ries, such as wet—dry boundary, vegetation line, high tide
line, and mean sea level (MSL), are also considered as the
shoreline (Boak and Turner 2005; Ratnayake et al. 2019).
Since shoreline is a fundamental feature of any coastal
zone, shoreline changes have paramount importance in
coastal zone management and engineering designs. The
shoreline change is a function of beach erosion and accre-
tion, which is influenced by factors, such as waves, tidal
variations, natural hazards, anthropogenic impacts, sedi-
ment supply, littoral drift, sea-level rise due to climate
change, hydrodynamics of the nearshore area, river mouth
processes, and nature of the coastal landforms (Amalan
et al. 2018; Kumar and Jayappa 2009; Lee 2014; Lee et al.
2019; Niya et al. 2013; Scott 2005). Since shoreline is
highly dynamic, continuous investigations and monitor-
ing are required for comprehensive analysis of shoreline
changes and maintenance of sound coastal management
systems (Bouchahma and Yan 2012; Chand and Acha-
rya 2010; Fenster et al. 2001). However, continuous field
investigations are time-consuming, expensive, and labor-
intensive (Li et al. 2001; Natesan et al. 2013; Warnas-
uriya et al. 2015, 2018). To overcome these difficulties,
remote-sensing (RS) technology can be adapted to monitor
long-term shoreline changes. These techniques comprise
several advantages, such as cost-effectiveness, minimiz-
ing manual errors, and availability of temporal data (Ali
and Narayana 2015; Alicandro et al. 2019; Li et al. 2002;
Specht et al. 2020).

Sri Lanka has a 1620 km-long coastal zone around the
country, which features sandy beaches, estuaries, lagoons,
salt marshes, coral reefs, and dunes along with significant
biodiversity. These resources help to enhance the beauty of
nature and boost the economy associated with the coastline
(fishing and tourism) which accounts for 40% of the coun-
try’s gross domestic product (Nayanananda 2007). Such an
important coastal zone can be destroyed due to many rea-
sons, including shoreline erosion, hazardous storms, and
anthropogenic events. Shoreline change detection provides
scientific methods and solutions to protect and develop the
coastal zones in Sri Lanka. The shoreline position changes
in Sri Lankan coastal zones are mainly controlled by the
monsoon seasonality (Amalan et al. 2018; Gunasinghe
et al. 2021; Ratnayake et al. 2018, 2019). For example,
four monsoon seasons such as the southwest monsoon
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from May to September, northeast monsoon from Decem-
ber to February, first inter-monsoon from March to April,
and second inter-monsoon from October to November
dominate the climate in Sri Lanka. According to the litera-
ture, cyclones are rare south of 10° N latitude in the Indian
Ocean, but a few occurrences of extreme cyclone storms
were recorded along the east coast of Sri Lanka such as the
Rameswaram cyclone in December 1964 (Chittibabu et al.
2002; Srisangeerthanan 2015). During the study period,
no storms were reported near the west coast of Sri Lanka.
The long term (period of 11 years, from 2006 to 2017)
sea-level variation rate at the west coast of Sri Lanka is
0.288 +0.118 mm/month (Palamakumbure et al. 2020).
Accordingly, the average sea-level variation on the west
coast of Sri Lanka from 2015 to 2021 was 12 mm. There-
fore, shoreline position variations due to sea-level changes
in the study area with a 10—15° beach slope are negligible
and fall within the error margin of shoreline measurement
of the current study. Furthermore, Sri Lanka is located in
the middle of the geologically and tectonically stable Indo-
Australian plate (Cooray 1984; Weththasinghe et al. 2021),
and uplift, downwarping, and subsidence are negligible in
the study locations.

The main purposes of this study are to (1) detect shore-
line changes using ‘CoastSat’ software which is an open-
source and python-based program (Vos et al. 2019a), (2)
describe the coastal geomorphology, and (3) provide scien-
tific information for coastal resource management practices
for decision-making purposes to maintain a proper coastal
management system along the west coast of Sri Lanka.

2 Study Area

The coastal environment of Sri Lanka focused on this
study (Mount Lavinia, Agulana-Ratmalana, and Kalutara
located on the west coast) is wave-dominated (average sig-
nificant wave height of 1.12 m) and micro-tidal (mean tidal
range of 0.7 m) (Duong et al. 2017; Ratnayake et al. 2013).
The beaches are comprised of quartz sand with average
grain diameters (D5,) between 0.20 and 0.25 mm along
the west coast of Sri Lanka (Ratnayake et al. 2019). Mount
Lavinia Beach, one of the famous tourist destinations in
the country, is located about 14 km south of Colombo, the
commercial capital city of Sri Lanka (Fig. 1). The average
beach width of Mount Lavinia is 30 m (Ratnayake et al.
2018) and the average beach length is 4 km including a
headland that affects natural sediment transport processes.
Agulana-Ratmalana Beach is located about 16 km south of
Colombo, and it is also an important location for tourism
(Fig. 1). The average beach width and length of Agulana-
Ratmalana are approximately 20 m and 2 km, respectively
(Ratnayake et al. 2018). Kalutara Beach (also known as
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Fig. 1 Location map of Mount Lavinia, Agulana-Ratmalana, and Kalutara beach study sites in West coast of Sri Lanka

Calido Beach) is located about 43 km south of Colombo (1)
(Fig. 1). The average beach width and length of Kalutara

are approximately 22 m and 5 km, respectively, including

Kalu Ganga (River) estuary, river outlet, and sand spit 2)
bar featuring complex geomorphology (Gunasinghe et al.

2021).

2.1 Regional Settings 3)
During the last decade, the following significant coastal

events have influenced changes in the coastline of the west 4
coast of Sri Lanka.

The expansion of the construction industry since 2010
has caused the reduction in sand supply to beaches due
to an increase in river sand mining.

The expansion of Colombo South Harbor, the establish-
ment of a sand nourished port city, and the construc-
tion of a 5 km-long breakwater have altered sediment
transport patterns along the western coast of Sri Lanka
(Ratnayake et al. 2018).

A major sand spit bar (1.5 km long) was demolished at
Kalu Ganga (River) mouth due to poor flood control-
ling measures in May 2017.

A sand nourishment program was carried out in the
first quarter of 2020 on the west coast (Mount Lavinia,
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Agulana-Ratmalana, and Kalutara) by the Coast Con-
servation and Coastal Resource Management Depart-
ment (CC and CRMD) of Sri Lanka.

Many locations on the west coast of Sri Lanka suffer from
severe erosion, which has created several coastal-related
issues such as loss of beaches for tourism and recreational
activities, increased difficulty in mooring fishing boats, and
increased risk to dwellings located on the coastal belt. As
an initial step in addressing such issues, shoreline change
detection can be used to execute an appropriate coastal man-
agement system.

3 Methodology

Based on the most dynamic and widely used shorelines on
the west coast of Sri Lanka, three beaches, namely, Mount
Lavinia (ML), Agulana-Ratmalana (AR), and Kalutara (KL),
were selected for this study (Fig. 1).

3.1 Change Detection of Shorelines

The open-source software ‘CoastSat’ toolkit was used to
extract shoreline positions pertaining to the study areas
(Mount Lavinia, Agulana-Ratmalana, and Kalutara) in the
present analysis. The ‘CoastSat’ is a Python-based program
that is capable of acquiring time-series of shoreline posi-
tions (with a horizontal accuracy ~ 10 m) in any coastal
zones in the world using publicly available satellite images
that have been archived in Google Earth Engine (GEE) for
more than 30 years (Vos et al. 2019a, b). To obtain shoreline
positions in the coastal zones from the ‘CoastSat’ software,
the Landsat-5, Landsat-7, Landsat-8, and Sentinel-2 satel-
lite images can be used, and these images are archived in
the GEE (Table 1). The Sentinel-2 satellite images, which
have 10 m spatial resolution in Red, Green, Blue, Near Infra-
Red (NIR) bands and 20 m spatial resolution in Short Wave
Infra-Red 1 (SWIR1) band, have been available from 2015
and were appraised for this study. Compared with the spatial
resolution of Landsat images (30 m), Sentenel-2 images have
improved spatial resolution and are the most suitable for
shoreline detection and extraction.

Traditional, medium spatial resolution satellite images,
such as Landsat-8 with 30 m spatial resolution, are power-
ful enough for mapping regional-scale landscape elements
(Amaro et al. 2015; Goncalves and Awange 2017; Parrish
et al. 2005; Saleem and Awange 2019; Yu et al. 2011).
Furthermore, it is possible to obtain more accurate coast-
line information to improve the understanding of shoreline
changes with the use of European Sentinel-2 satellite data
with higher temporal (5 days) and spatial (10 m) resolution
(Immitzer et al. 2018; Saleem and Awange 2019; Topouze-
lis et al. 2016; Yang and Li 2012). Based on the published
results of the analysis of shoreline changes using Sentinel-2
satellite images carried out during 2015-2020 elsewhere, it
was found that the average shoreline changes are compara-
ble with actual field-based measurements (Astiti et al. 2019;
Cabezas-Rabadan et al. 2019; Mitri et al. 2020; Saleem and
Awange 2019).

Figure 2 represents the flowchart of the different steps
involved in obtaining a satellite-derived shoreline on a
user-defined region of interest (ROI). Initially, the user can
insert the information into the ‘CoastSat’, such as region
of interest, dates (starting date and end date to retrieve sat-
ellite images), and satellite mission (Landsat and/or Senti-
nel-2). After that, users can retrieve and download a time-
series of satellite images from GEE with the metadata. The
downloaded images were pre-processed to remove cloud
pixels and improve spatial resolution using cloud masking,
and panchromatic image sharpening and down-sampling
methods, respectively, before the shoreline positions were
extracted. These pre-processed images were classified
into four spatial classes such as sand, water, white-water,
and other land features using the supervised classification
method. Furthermore, sub-pixel resolution border segmenta-
tion was executed to extract the boundary between sand and
water (the instantaneous shoreline) using the Modified Nor-
malized Difference Water Index (MNDWI) that was applied
to each classified image. Furthermore, one of the cloud-free,
pre-processed, and classified images was then utilized to
define the reference shoreline (the user has the option to
manually digitize the reference shoreline in ‘CoastSat’, and
coordinates of this reference shoreline provide a reference
to subsequent shoreline demarcation and help to identify
outliers and false detection) before the shoreline detection in

Table 1 Metadata of the

o Satellite mission
satellite images that are

Time coverage

Revisit period Pixel size

involved in ‘CoastSat’. Source:

Landsat-5 (TM)
(Vos et al. 2019a)

Landsat-7 (ETM+)

Landsat-8 (OLI)

Sentinel-2 (MSI)

1984-2013
1999—present

2013—present

2015—present

16 days 30 mR, G, B, NIR, SWIR1 bands

16 days 30 m R, G, B, NIR, SWIRI1 bands
and 15 m panchromatic band

16 days 30 m R, G, B, NIR, SWIR1 bands
and 15 m panchromatic band

05 days 10 m R, G, B, NIR and 20 m SWIR1
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Fig.2 Flow chart of the shore-
line position extraction from
‘CoastSat’ toolkit

(1) Region of interest

/e— (ii) Time frame
(iii) Satellite mission (Landsat or Sentinel-2)

‘CoastSat’
User inputs

Retrieval of images
from Google Earth

Engine

Pre-processing
(Cloud masking,
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e Sand
Supervised e Water
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e Other land features
Select detectable Shoreline Digitize a reference
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. . Shoreli Shore-normal
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analysis transects

!

Time-series of cross-shore

distance along user-defined

shore-normal transects (*.csv).

i

Change detection
of
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the ROI was commenced. The shore-normal transects were
defined on the extracted shorelines to determine the time-
series of cross-shore distance (obtained as a *.csv).

Tidal correction was applied to all extracted shorelines
using time-series of water-level data downloaded from the
University of Hawaii Sea Level Center (http://www.ioc-seale
velmonitoring.org/map.php). The sand—water boundary of
the classified satellite image extracted at a specific tidal stage
is considered as the instantaneous shoreline position (Vos
et al. 2019a). Although the instantaneous shoreline posi-

instantaneous shoreline positions (different stage of tides)
extracted by classified satellite images should be projected
to the single reference tidal datum to enable the inter-com-
parison. Accordingly, mean sea level (MSL) is utilized as the
tidal reference datum of this study. According to Vos et al.
(2019a), there is an equation to obtain MSL based shoreline
positions as follows:

Ax = Zref ~ Ztide
m

)

tion would not be suitable for inter-comparison of shore-
lines, it is extracted by different stages of tide. Therefore, the

where Ax is the cross-shore horizontal shift (along
the transect), z..; is the reference tidal datum, z4 is the
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measured (or modeled) water level at the time of image
acquisition, and m is the beach face slope specific to the site
of interest. In this study, z,.; is considered as zero because
tidal reference datum is mean sea level. Furthermore, m is
0.1 at each site (Mount Lavinia, Agulana-Ratmalana, and
Kalutara) that was obtained from already published work
(Gunasinghe et al. 2021; Ratnayake et al. 2018) using total
station surveys and Global Navigation Satellite System
surveys. The ‘CoastSat’ toolkit is required to insert correct
parameters of z,.¢, Zqe- 7 and capable of calculating the
MSL based shoreline positions. More information concern-
ing tidal correction and ‘CoastSat’ is available in (Vos et al.
2019a).

In Mount Lavinia, Agulana-Ratmalana, and Kalutara,
WGS 84 coordinates of ROI (polygon) covering a 1 km-long
coastline in each study area were entered in the ‘CoastSat’
software. The satellite mission was inserted as ‘S2’ (Senti-
nel-2), and the satellite image acquisition time length was
expanded from 1 January 2015 to 1 April 2021 for each
location. In addition, the ‘CoastSat’ program was executed
for each study area separately. The ‘CoastSat’ retrieved 266
images (Sentinel-2 with a spatial resolution of 10 m, the
horizontal accuracy of ‘CoastSat’ ~ 10 m) each for Mount
Lavinia and Agulana-Ratmalana, and 265 images (Sentinel-2
with a spatial resolution of 10 m, the horizontal accuracy of
‘CoastSat’ ~ 10 m) for Kalutara. Furthermore, 51, 56, and
49 images were selected for shoreline analysis in Mount
Lavinia, Agulana-Ratmalana, and Kalutara, respectively,
after the pre-processing and classification process. The time
gap between selected images was approximately 30 days.
Furthermore, the constant time gap between images used to
extract shoreline positions is important to analyze shoreline
changes in each location. The four shore-normal transects
were defined by approximately equal distance in each loca-
tion (Fig. 3) within a 1 km-long coastline. After applying
tidal corrections to the extracted shorelines at each location,
the time-series of cross-shore distances along shore-normal
transects (from landward to seaward) were determined, and
resultant data files were obtained as an MS-Excel *.csv for-
mat from the ‘CoastSat’ and, eventually, the time-series of
shoreline change along each transect was plotted on a graph
using the resultant data file MS-Excel *.csv.

The accuracy of shoreline position extracted by ‘Coast-
Sat’ was verified by comparing it with the shoreline field
survey data obtained through the Global Navigation Sat-
ellite System (GNSS) technology (TOPCON GR5 GNSS
receiver) along with Sri Lanka Continuously Operating Ref-
erence Station Network (SLCORSnet) correction (horizon-
tal accuracy—0.007 m). Accordingly, the average difference
between shoreline position obtained from ‘CoastSat’ and the
field survey was calculated in two locations: (1) Agulana-
Ratmalana and (2) Kalutara. However, measured field data
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of past shorelines were not available in Mount Lavinia for
accurate assessment of shorelines extracted from ‘CoastSat’.

3.2 Overall Beach State

The overall beach state (Table 2) within the time frame that
was considered to extract shorelines in this study was deter-
mined by calculating the distance between the preceding
and succeeding shorelines in each shore-normal transects
of respective locations.

3.3 Seasonal Longshore Current Direction

The seasonal longshore current directions in study locations
(Mount Lavinia, Agulana-Ratmalana, and Kalutara) of this
investigation were obtained from published results in scien-
tific journals (Table 3).

4 Results and Discussion

4.1 Horizontal Difference of Shoreline Position
(‘CoastSat’ and Field Observations)

The average horizontal difference between shoreline posi-
tions extracted by ‘CoastSat’ and field observations was
7.5+ 1 min Agulana-Ratmalana on 19 August 2019 and was
8.3+ 1 m in Kalutara on 29 July 2020 (Fig. 4). In addition,
the obtained error margin (7-8 m) was less than the horizon-
tal accuracy of coastline positions of ‘CoastSat’ (~ 10 m).
Therefore, it is suggested that the horizontal difference of
shoreline positions (‘CoastSat’ and field observations) is
within an acceptable range.

4.2 Seasonal Geomorphological Changes in Mount
Lavinia

Figure 5a illustrates 51 shore-normal distances along each
transect for the image acquisition date. Accordingly, most of
the sand accretion in each transect was represented during
the northeast monsoon and inter-monsoon seasons (26 April
2016, 10 February 2017, 18 October 2018, and 01 January
2020). However, most of the sand erosion was represented
during the southwest monsoon season (29 August 2017, 08
September 2018, 25 July 2019, and 29 July 2020). Further-
more, the overall beach state during the study period (from
2016 to 2021) in the ML1 and ML2 transects shows sand
accretion, while other ML3 and ML4 transects show sand
erosion (Table 2). The largest erosion and accretion values
are 17 m along ML3, and 27 m along ML1, respectively.
Furthermore, mean values and standard deviations of each
transect are given in Table 2.
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Fig.3 Locations of transects in
study area (transect coordi-
nates are decimal degrees with
respect to WGS 84 datum), a
Mount Lavinia, b Agulana-
Ratmalana, ¢ Kalutara (transects
are not into a scale)

Transect Locations in

Mount Lavinia

Transect Locations in

Agulana-Ratmalana

Transect Locations in

Kalutara

Accordingly, the overall accretion and erosion were
22.5 m in the North of the headland and 14.5 m in the South
of the headland, respectively. Furthermore, the significant
changes of shoreline position in transect ML1 starting from
16 March 2020 and 23 August 2020 were gradual accretion
and erosion, respectively. Similarly, in transect ML2, rapid

accretion and erosion can be seen from 16 March 2020 and
20 April 2020, respectively. Furthermore, the rapid erosion
was obvious along the transect ML3 during the period of
10 May 2020 to 29 July 2020 in the southwest monsoon
season. In addition, there were no significant changes along
the transect ML4 during the study period.
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Table 2 Overall beach state, gain and loss, mean, and standard deviation in Mount Lavinia, Agulana-Ratmalana, and Kalutara

Location Transect Number of shore- Time frame Distance between Overall beach state Mean (m) Standard
lines extracted proceeding (OL) deviation
and succeeding
(YG) shorelines
(OL-YG) m
Gain Loss
Mount Lavinia MLI 51 2016-2021 27 Accretion 36.42 16.64
ML2 51 2016-2021 18 Accretion 35.92 22.46
ML3 51 2016-2021 17 Erosion 57.61 18.12
ML4 51 2016-2021 12 Erosion 39.56 09.81
Agulana-Ratmalana AR1 56 2016-2021 03 Steady state 40.52 12.61
AR2 56 2016-2021 22 Accretion 44.98 13.27
AR3 56 2016-2021 30 Accretion 40.36 16.34
AR4 56 2016-2021 25 Accretion 42.99 18.08
Kalutara KL1 49 2016-2021 01 Steady state 112.62 14.33
KL2 49 2016-2021 56 Erosion 99.42 20.30
KL3 49 2016-2021 20 Accretion 85.67 08.84
KL4 49 2016-2021 01 Steady state 99.64 07.07

Table 3 The investigations about the wave directions and longshore current directions based on the monsoon seasonality along the West coast of

Sri Lanka

Location of the study Time period Predominant longshore current direction

Source

of the study

Southwest monsoon Northeast monsoon 1st inter-monsoon 2nd inter-monsoon

West Coast 1968-1986  Northward Southward

Wadduwa (West 2014-2016  Northward Southward
Coast)

Uswetakeiyawa 2014-2015 Northward Southward
(West Coast)

Kalutara (West 2017 Northward Southward
Coast)

Chandramohan et al.
(1990)

Amalan et al. (2018)

Negligible Negligible

Not available Not available

Northward Northward Ratnayake et al. (2019)

Northward Northward Gunasinghe et al.

(2021)

The shoreline changes depend on many factors such as the
existing shape of the shoreline, source and sink of sediment,
strong storms, and hydro-sedimentary dynamics (Amalan
et al. 2018; Anfuso et al. 2020; Deepika et al. 2014; Flor-
Blanco et al. 2021; Guisado-Pintado and Jackson 2018;
Gunasinghe et al. 2021; Harris et al. 2020; Héquette et al.
2019; Ratnayake et al. 2018, 2019; Yang and Dong 2017).
Furthermore, the longshore currents along with cross-shore
transport govern the erosion/accretion pattern of beaches
due to storm and calm weather conditions generated with
monsoonal changes (Gunasinghe et al. 2021; Rajith et al.
2008; Ratnayake et al. 2018, 2019).

In Mount Lavinia, the significant wave heights during the
northeast and inter-monsoon seasons are comparatively low
due to the calm wave climate (Amalan et al. 2018; Chan-
dramohan et al. 1990; Gunasinghe et al. 2021; Ratnayake
et al. 2019). Therefore, most of the offshore sands are trans-
ported shoreward with energetic waves with long periods
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generated by onshore currents, and accretion was noticeable
in the area. In addition, the significant wave height during
the southwest monsoon was comparatively high due to the
energetic wave conditions (Amalan et al. 2018; Chandramo-
han et al. 1990; Gunasinghe et al. 2021; Ratnayake et al.
2019). Due to the strong backwash generated by the off-
shore currents, most of the beach sand is transported off-
shore causing erosion during the southwest monsoon. The
same process was observed by many researchers through
field investigation programs on the west coast of Sri Lanka
(e.g., Miles and Russell 2004; Ratnayake et al. 2018, 2019;
Ruggiero et al. 2001; Zhang et al. 2004).

A sand nourishment program was initiated in the study
area during the first quarter of 2020 by the Coast Con-
servation and Coastal Resource Management Department
(CC and CRMD), Sri Lanka. Due to sand nourishment
in the North of the headland (around ML2), the accre-
tion was apparent from 16 March 2020 (Fig. 5a). During
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Fig.4 Shoreline comparison
between ‘CoastSat’ and field
measurements, a Agulana-Rat-
malana (AL), b Kalutara (KL)

Google Earth

this period, the 1st inter-monsoon season commenced, and
consequently, the longshore current direction was heading
towards the north (Table 3) with calm wave conditions
(Amalan et al. 2018; Chandramohan et al. 1990; Gunas-
inghe et al. 2021; Ratnayake et al. 2019). Accordingly,
some of the nourished sand in the North of the headland
moved in a northerly direction along the shoreline. Fur-
thermore, the process was accelerated with the onset of
the southwest monsoon due to the energetic wave climate.
Therefore, rapid erosion was observed in and around ML2
from 20 April 2020. In addition to the longshore currents,
cross-shore sediment transport also eroded the nourished
beach with strong offshore currents during the south-
west monsoon. Part of this offshore sand was transported
back onshore with the onset of calm northeast monsoon
weather. Even though high-resolution satellite images are
not available to visualize the process, still photographs
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 Observed shoreline on 29 July 2020

taken soon after the sand nourishment clearly show the
difference (Fig. 6).

The erosion was evident in and around ML1 from 23
August 2020 (Fig. 5a). Furthermore, erosion in and around
ML2 was more rapid than in and around MLI1 due to
obstruction of northward sand transport processes because
of the headland. The erosion process was slow in and around
ML1 due to the sand transport from ML2 to ML1 by long-
shore currents.

The longshore drift during the southwest monsoon is
towards the North along Mount Lavinia Beach (Table 3).
Furthermore, the headland that is shown in Fig. 3a traps the
sand which is moving towards the North resulting in sand
accumulation in the south of the headland (Fig. 7). There-
fore, transects ML3 and ML4 represent sand accretion dur-
ing the southwest as well as northeast monsoons. In addition,
the wavefronts that approached from the southwest direction

@ Springer



484 G. P. Gunasinghe et al.

Fig.5 Time-series of shoreline
change along each transects,

a Mount Lavinia (ML), b
Agulana-Ratmalana (AR), ¢
Kalutara (KL)
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to the beach during the southwest monsoon (Amalan et al. ~ The refracted wavefronts were propagated parallel to the
2018; Chandramohan et al. 1990; Gunasinghe et al. 2021;  beach in the North of the headland, reducing longshore
Ratnayake et al. 2019) were refracted near the headland. drift and producing a steady-state beach condition (Fig. 7).
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Fig.6 The Mount Lavinia beach, a before the sand nourishment project (DailyFT 2020), b soon after the sand nourishment project (Chandra-
keerthi 2020), ¢ after the beach erosion due to monsoon effects (Jayathillake 2020), d present situation of the beach (Dailymirror 2021)

After the beach nourishment program, this beach area in
Mount Lavinia has become erosional, since wavefronts are
approaching angular to the beach. Consequently, most of the
sand was eroded and transported offshore due to the high-
energy breaking waves with small wave periods generated
offshore currents during the first inter-monsoon and after
southwest monsoon season. Furthermore, some sand was
transported to the North due to the longshore currents. The
nourished sand to the North of the headland was thus washed
out quickly. The same observation was discussed and evi-
denced by Pattiaratchi et al. (2020).

4.3 Seasonal Geomorphological Changes
in Agulana-Ratmalana

According to Fig. 5b, 56 shore-normal distances (along
each transect) are plotted for the image acquisition date. The
accretion and erosion were obvious during the northeast and
inter-monsoon seasons (27 March 2016, 10 February 2017,
18 October 2018, and 27 December 2019), and southwest
monsoon season (01 May 2017, 10 June 2018, 16 May 2019,
and 28 August 2020), respectively. Furthermore, the over-
all beach state along most of the transects at AR1, AR2,
and AR3 shows accretion, whereas there was a steady-state

condition at AR4 during the study period (Table 2). The
largest accretion value is 30 m along AR3. Furthermore,
mean values and standard deviations of each transect are
available in Table 2. In addition, significant accretion and
gradual erosion can be seen in each transect from 16 March
2020 and 10 May 2020, respectively. The sand accretion
was evidenced due to the implemented sand nourishment
program in the study area in the Ist quarter of 2020 and
gradual erosion occurred due to the longshore currents and
cross-shore currents based on monsoon seasonality.

The accretion and erosion occurred due to normal wave
conditions along with seasonal monsoon changes in the
study area as described in seasonal geomorphological
changes in Mount Lavinia. The 1st inter-monsoon season
began from March 2020 and waves came from a south-
ward direction during this period (Amalan et al. 2018;
Chandramohan et al. 1990; Gunasinghe et al. 2021; Rat-
nayake et al. 2019). Consequently, the longshore drift was
directed towards the North (Table 3), supplying sand to the
beaches. A few months later, with the onset of the south-
west monsoon season in the area, the process of transport-
ing sand to the North intensified compared to the previous
inter-monsoon season. This process is represented from
the transect-based shoreline changes in Fig. 5b. Moreover,
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Fig.7 Present nearshore coastal dynamics at Mount Lavinia beach during the dominant southwest monsoon

after the 2nd inter-monsoon and northeast monsoon sea-
sons, gradual accretion was evident due to high-energy wave
action with long-period waves generated onshore transport
under calm weather. In this period, waves approached from
the southwest direction and wavefronts were parallel to the
beach (based on the orientation and shape of the beach).
Subsequently, onshore and offshore sediment transport rates
controlled the accretion/erosion processes in this location
(Fig. 8).

From 2016 to the end of 2019, the shoreline changes of all
transects in the study area represent gradual coastal erosion.
The reasons for this change are: (1) the orientation and (2)
the shape of the shoreline in Agulana-Ratmalana. The ori-
entation and shape of the shoreline in this location are found
as directed towards the northwest and a straight shoreline,
respectively. The waves arrive perpendicular to the beach
during the southwest monsoon, and thus, erosion is mainly
due to the cross-shore currents (Fig. 8). Consequently, only a
gradual erosion is evident in this location during both south-
west monsoon and northeast monsoon seasons.

Ratnayake et al. (2018) also reported that the construc-
tion of a 5 km-long breakwater in the Colombo Harbor

@ Springer

Expansion Project alters sediment transport patterns along
the western coast of Sri Lanka. It is thought that most of
the sand was trapped by this breakwater. Sand supply to the
beaches in the South with the southerly longshore currents
occurring during the northeastern monsoon is considerably
less. Therefore, the erosion process was evident in many
places on the west coast as shown in the transects AR1,
AR2, AR3, and AR4.

4.4 Seasonal Geomorphological Canges in Kalutara

The 49 shore-normal distances (along each transect) for
the image acquisition date were plotted during the study
period (Fig. 5c¢). As mentioned in previous study loca-
tions, both accretion and erosion were obvious during
the northeast and inter-monsoon seasons (26 April 2016,
02 March 2017, 27 December 2017, and 27 December
2019), and southwest monsoon season (30 June 2017, 09
August 2017, 03 September 2018, and 19 August 2019),
respectively. Furthermore, the overall beach state derived
from transect-based shoreline distances during the study
period (from 2016 to 2021) shows sand accretion along
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Fig.8 Present nearshore coastal dynamics at Agulana-Ratmalana
beach during the dominant southwest monsoon

the transects KL1 and KL3 and sand erosion along the
transects KL2 and KL4 (Table 2). The largest erosion and
accretion values are 56 m along KL2 and 20 m along KL3,
respectively. Mean values and standard deviations of each
transect are available in Table 2. Moreover, the shorelines
belonging to transect KLL3 and KL4 located in Kalutara
South indicate smaller changes compared with shorelines
belonging to transect KL1 and KL2 located in Kalutara
North, which lead to stable beach conditions.

The wave climate due to the seasonal monsoons con-
trols the beach accretion and erosion in the study area as
described in seasonal geomorphological changes in Mount
Lavinia. Rapid accretion was seen in transect KL1 from
20 February 2020 due to the sand nourishment program in
this area. The nourished sand is then gradually eroded and
moved northward due to longshore currents (Table 3). The
shoreline in and around KL.1 was eroded relatively rapidly
from 18 August 2020 due to the severe cross-shore and
longshore sediment transport during the southwest mon-
soon season. The accretion in and around KL2 (it was low

compared with KL1) started on 20 February 2020 due to
the sand nourishment program in Kalutara North.

The shoreline around KL2 was gradually eroded from
2016, and it was significant from 30 May 2017. In May
2017, a considerable part of the sand spit bar (also known
as Calido Beach) was demolished to control floods in the
study area. As a result, severe coastal erosion has taken
place (Gunasinghe et al. 2021). Furthermore, transect KL.2 is
located very close to the newly formed river mouth of Kalu
Ganga (River), and a considerable amount of beach erosion
has taken place during the southwest monsoons (Fig. 9) due
to offshore transport with high-energy waves. Furthermore,
the longshore drift is interrupted at the river mouth, thus
trapping sand (Fitzgerald 1988; Hayes 1991; Oertel 1988),
which reduces the sand supply to the northern beaches of
Kalutara, further eroding the KL2 transect area. In summary,
the main causes for the significant erosion in the Kalutara
area are as follows: (1) interruption of longshore drift at
the river mouth, (2) reduced sand supply from the north of
Kalutara, and (3) formation of a new river mouth after the
demolition of the sand spit bar at Calido Beach.

In the shoreline of transect KL3 and KL4, during the
southwest monsoon, beaches were eroded due to the high
wave energy action, and during the northeast monsoon,
beaches were re-developed due to the calm wave conditions.
Therefore, the southern beaches in Kalutara are in a stable
condition due to the adoption of coastal conservation strate-
gies by the construction of offshore breakwaters.

4.5 Seasonal Longshore Current Direction

In general, waves approach the west coast in Sri Lanka from
a southwest direction during the southwest monsoon sea-
son. Consequently, the longshore currents move towards
the North along the coast. Furthermore, waves approach the
west coast from a northwest direction during northeast mon-
soon season. The longshore currents move towards the South
along the coast. The significant wave height in the south-
west monsoon season was higher than that in the northeast
monsoon seasons. In addition, significant wave height dur-
ing the inter-monsoon season was lower than the southwest
monsoon (Amalan et al. 2018; Chandramohan et al. 1990;
Gunasinghe et al. 2021; Ratnayake et al. 2019).

The longshore current direction (Table 3) is determined
by the wave direction for various monsoon seasons and
coastal zone orientation to the wavefronts (Pinet 2019;
Ratnayaka et al. 2018, 2019). Therefore, the longshore cur-
rent direction is northward in each study location due to the
waves approaching from the south, southwest, west—south-
west, south—southwest, and northwest—southeast coastal
zone orientation to the wavefronts (Fig. 10a). On the other
hand, the longshore current direction is southward in each
study location due to the waves coming from the north,
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Fig.9 Present nearshore coastal dynamics at Kalutara beach during the dominant southwest monsoon

northwest, north-northwest, and west—northwest, while the
studied coastal zone area is oriented in a northwest—south-
east direction (Fig. 10b).

4.6 Evaluation of Beach Nourishment Projects in Sri
Lanka

Beach erosion is a serious problem on the west coast of Sri
Lanka where most of the tourist hotspots are located. Main-
taining steady-state beaches is important for the country’s
GDP (gross domestic products) growth. Hard engineering
solutions may provide better solutions to beach erosion.
However, being a tropical country with a significant tour-
ism industry, wider sandy beaches are needed for recrea-
tional purposes. Therefore, sand nourishment is the better

@ Springer

soft engineering solution for controlling beach erosion and
maintaining a steady beach state (Samarasekara et al. 2018).

Sri Lanka's first beach nourishment project was launched
by the Coast Conservation Department in 2012 at Uswe-
takeiyawa (10 km north of Colombo on the west coast of
Sri Lanka), a 1.8 km coastal stretch. About 300,000 m? of
offshore sand from the nearby offshore area was pumped off
the coast using a dredging vessel. Ratnayake et al. (2019)
collected beach profiles and sand samples from September
2014 to September 2015, and satellite imagery in the study
area was analyzed between 2010 and 2015. This study indi-
cated that the nourished beaches were severely eroded within
a very short time. About 1 year after the beach was nour-
ished, three breakwaters were constructed in the study area.
However, the tombola structures or salient features were not
properly developed in association with the breakwaters. The
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grain size analysis from sand samples collected from the
study area indicated the sand used for the beach nourishment
is finer than native beach sand. It is generally accepted that
the native beach sand in the study area should be approxi-
mately finer or equal to nourished sand. Therefore, the grain
size of the nourished sand used in the project was partially
inefficient. Furthermore, based on the field data collected,
the breakwaters established to minimize sand erosion in
the area have not been utilized (Ratnayake et al. 2019).
The recent beach nourishment project in Mount Lavinia,
Agulana-Ratmalana, and Kalutara areas has also not been a
success as described in this study. However, future shoreline
change studies in the overall area are necessary to access
whether nourished sand was trapped within the coastal zone.

Experiences gained from the few beach nourishment pro-
jects in Sri Lanka demonstrate that a proper pre-feasibility
study followed by a thorough environmental impact assess-
ment (EIA) is vital before commencing any beach nourish-
ment project. Therefore, extensive research on spatial and
temporal shoreline detection similar to the present study is
important to evaluate and implement successfully future
beach nourishment projects in Sri Lanka.

5 Conclusion

The time-series of shoreline positions extracted from ‘Coast-
Sat’ software (v1.1.1) were used for the detection of shore-
line changes of three well-known beaches on the west coast
of Sri Lanka: Mount Lavinia, Agulana-Ratmalana, and Kalu-
tara. Furthermore, predominant longshore current direction

was utilized to examine coastal erosion and accretion pro-
cesses. This study arrived at the following conclusions:

(1) This study shows that the average difference of shore-
line positions obtained by ‘CoastSat’ and field observa-
tion was 7-8 m.

(2) When the long-term field measurements regarding
coastal data are not available, an alternative method—
CoastSat: A Google Earth Engine-enabled Python
toolkit can be used to extract shoreline positions and
the detection of coastline changes with appropriate tidal
corrections. This method can be used in any coastal
area in the world for shoreline change detection.

(3) The overall beach state of the study area shows more
than 10 m erosional and accretional trends based on
monsoon seasonality and anthropogenic events.

(4) Significant erosion was observed adjacent to the river
mouth area of the Kalu Ganga (River) in the Kalutara
coastline due to the breakage of the sand spit bar.

(5) The natural longshore drift is interrupted by the natural
headland during southwest and northeast monsoons,
increasing coastal erosion in downdrift and increasing
accretion in updrift in Mount Lavinia.

(6) The coastal erosion is evident during the southwest
monsoon due to the high-energy wave action (signifi-
cant wave heights are high) in each study location.

(7) The coastal accretion is evident during the northeast
monsoon due to the calm wave conditions (significant
wave heights are low) in each study location.

(8) The shoreline change detection of this study reveals
that the sand nourishment program initiated in the first
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quarter of 2020 on the West coast of Sri Lanka has not
influenced the change in beaches significantly in Mount
Lavinia, Agurana-Ratmalan, and Kalutara.
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