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On the Status and Mechanisms of Coastal Erosion in Marawila Beach,

Sri Lanka

Abstract

Coastal erosion remains a problem in many developing countries because of a limited
understating of erosion mechanisms and management. Sri Lanka is one of the countries
that recognized coastal erosion management as a governmental responsibility, in 1984.
Nevertheless, erosion mechanisms have not yet been fully understood. We investigate the
status and mechanisms of coastal erosion using empirically collected data and various
techniques, such as GIS (Geographic Information System) analysis of satellite images,
drone mapping, bathymetric surveys, hindcasting of wind-induced wave climate,
questionnaires, and semi-structured interview surveys. We identified wave climate change,
reduction of river sand supply, interruptions from previous erosion management measures,
and offshore sand mining as potential causes of erosion considering sediment flux and rates
of erosion. Erosion of Marawila Beach began during 2005-2010, and has been continuing
ever since, due to a lack of integration in the beach and the entire sediment system. It is
necessary to identify the long-term, large-scale changes in the sediment system through
data collection. This study highlights the importance of an integrated coastal erosion
management plan and could facilitate better coastal erosion management in Sri Lanka, as

well as in other developing countries.

Keywords: Developing country, Coastline change, Wave climate change, Sand mining,

Beach nourishment

1. Introduction

Coastal erosion is a severe hazard to the livelihood and properties of coastal communities and creates
complex problems (Pranzini 2018; Rangel-Buitrago et al. 2018; Williams et al. 2018). In both developed
and developing countries, such erosive coasts are managed by adopting hard engineering measures (Lloyd
et al. 2013; Schmidt et al. 2014; Gari et al. 2015). Sometimes, erosion problems worsen in developing
countries (Saengsupavanich et al. 2009; Saengsupavanich 2013; Rangel-Buitrago et al. 2018; Samarasekara
et al. 2018) because of limited budgetary allocations (White et al. 2006) for continuous or regular
monitoring. Limited archived data are one major barrier in developing countries (Jonah 2015; Ndour et al.

2018; Yin et al. 2019), which limits the number of research studies.
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Sri Lanka is a developing country that identified coastal erosion as a major national problem in
the early 80s (Perera 1990; Godage 1992). The Coastal Conservation Department (CCD) of Sri Lanka was
established to implement the coast conservation law in 1984. In 2009, the CCD was renamed the Coast
Conservation and Coastal Resource Management Department (CC & CRMD), widening its scope.
Although the coastal erosion problem was identified a long time ago, the mechanisms of coastal erosion
are not yet fully understood and have not been fully investigated; thus, the nexus of tension has increased
between the government (CC & CRMD) and fishing and hotel communities (Samarasekara 2019). As an
example, fishing union leaders claim that coastal erosion has continued owing to offshore sand mining for
mega reclamation projects in Colombo. The CC & CRMD claims that the main cause of erosion is the
continuous reduction in river sand supply from neighboring rivers.

Erosion initially occurred near the Maha River mouth in the late 80s and slowly extended toward
Marawila (Samarasekara et al. 2018). In 1986, a barrage was constructed over the Maha River in the
Bambukuliya area to prevent saltwater intrusion (Wickramaarachchi 2011). The sand discharge through the
river mouth was reduced from 0.15 million m3/y in 1984 to 0.05 million m?*/y in 2001 due to river sand
mining (Indra Ranasinghe; R.M. Ranaweera Banda 1992). The government has strictly controlled river
sand mining since 2004 (Karunaratne 2011), causing a 5-fold increase in the sand price (Kamaladasa 2008).
Some of the traditional clay miners have illegally mined sand from the riparian area of river (Samarasekara
et al. 2018). The water use demand from the river increased from 54 million m? in 2005 to 66 million m?
in 2015, and many weirs were constructed along the river to extract water for drinking and domestic
purposes (Fernando 2005).

The shore area between the Maha River and Negombo Lagoon was heavily eroded in the early
1990s; and, in response, the CC & CRMD protected the beach by introducing four detached breakwaters
and beach nourishment in 1991 (Godage 1992). The area around the river mouth was slightly eroded in the
early 1990s and significantly eroded after 2001 (Wickramaarachchi 2011). The impact of coastal erosion
has not yet been researched from the perspectives of offshore sand mining, upstream detached breakwaters,
or wave climate change because of limited (or difficult-to-access) data on the sediment system. This study
aimed to elucidate the status and mechanics of coastal erosion in Marawila by empirically collecting
available data and using the inter-disciplinary approach.

The time period of the analysis is from 1980 to 2019. The reduction in river sand supply was

quantitatively studied from 1986 to 2004 because of the availability of data. The river discharge and extent
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of watershed sand mining influenced the supply of river sand from 2004 to 2019. The extraction of shoreline
data from beach properties, bathymetry survey, wave hindcasting, and estimation of annual change in
sediment transport were used to identify the impact of wave climate change on longshore sediment transport
from 1980 to 2019 (39 years). The downstream beach (from the Maha River mouth to Marawila) has been
severely eroded since 2001; the change in beach sediment volume was estimated from 2001 to 2019.
Offshore sand mining started in 2013, and the impact of offshore sand mining was analyzed from 2013 to
2019. The causes of erosion are discussed separately in three time periods, namely from 1980 to 2000, from
2000 to 2010, and from 2010 to 2019, corresponding to the terms before erosion, the first decade of erosion,
and second decade of erosion, respectively, in Marawila Beach (MB). Past studies showed that inhabitants
had observed intensified climatic conditions, such as strong winds, after 2010 (Samarasekara et al. 2018)
and that MB was severely eroded after 2010. Therefore, the time period after erosion was divided into the

first and second decade of erosion for a more specific analysis.

2. Materials and Methods

2.1 Study site

MB is located 84 km north of the city of Colombo, on the west coast of Sri Lanka, directly facing the Indian
Ocean. The beach is 6.5 km long, and it provides livelihoods to both fishing and tourism-dependent
communities. The area has experienced erosion rates of 10—13 m/y (CC & CRMD 2006). Since 2004, the
CC & CRMD has managed the erosion by constructing revetments, detached breakwaters, and submerged
breakwaters groins, and implementing beach nourishment schemes. Fig. 1 (a) shows the spatial extent of
MB and the Maha River. Fig. 1 (b) shows the spatial extent of the offshore sand mining areas, Negombo
lagoon mouth, Kalani river mouth, and illegal sand and clay mining pits in the Maha River riparian area.
Fig. 1 (c) shows the river riparian area, illegal sand and clay mining area. Area 1 (1 km?) [see Fig. 1 (b)]
was dredged to extract 0.8 million m? of sand for the nourishment of MB during December 2016 and
February 2017 (Samarasekara et al. 2018). Area 2 (100 km?) was dredged to extract 70 million m? of sand

for reclamation projects in Colombo (CECB 2015).

Fig. 1. Spatial extent of (a) Maha River and Colombo City, (b) west coast, offshore sand mining areas, Colombo City,

Negombo Lagoon mouth, Kalani River mouth, Maha River mouth, Bambukiliya barrage, and clay mining areas in the
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Maha River riparian area and MB, (c) Maha River riparian area, excessive clay and illegal sand mining area, and (d)
sediment cell and sediment flux including MB and Maha River mouth (Source: Google Earth, Data SIO, NOAA, U.S.

Navy, NGA, GEBCO (Photograph was taken by CNES-Airbus/Digital Globe satellites in December 23, 2017)

2.2 Sediment balance in the study site

Fig. 1 (d) shows the sediment cell within the Maha River mouth and MB. The sediment budget of the
investigated area (i.e., dashed rectangular area) in Fig. 1 (d), is estimated using sediment in from the
neighboring sediment cell (Q;,) and from river (Qgjver), and sediment out to the neighboring sediment cell
(Qout), and the possible sediment exchange with the offshore area (Qoffshore) and to the evolved tombolos
between the river mouth and MB (Qy1q)- The investigated area was divided into a southern cell covering
the protected beach and northern cell covering the unprotected beach. The sediment balance is derived from

the erosion (or accretion) of MB (Qgrosion)- Equation (1) shows the sediment flux of erosion in MB

(QErosion) .

QErosion = QOut - QRiver - QIn + QHold + QOffshore (1)

The wave climate generates a strong littoral current towards the north during the southwest
monsoon (Dayananda 1992; Fittschen et al. 1992). The littoral drift from Colombo towards Negombo was
estimated at 1.3 million m%y in 1992 (Fittschen et al. 1992) and 0.048 million m/y in 2009
(Samarawikrama et al. 2009). Q;, could be affected by the upstream shore protection, reduction of
sediment supply from upstream rivers (such as the Negombo Lagoon and Kalani River), and offshore sand
mining. The contractors associated with the Colombo South Port breakwater (which was constructed
between 2008 and 2012) and Port City (which was reclaimed between 2015 and 2019) frequently undertake
artificial beach nourishment under the supervision of the CC & CRMD to minimize the impact to longshore

sediment transport and in accordance with the agreement between the contractors and the government.

The area between the Maha River mouth and MB (including the southern part of MB) is protected
by detached breakwaters, and the littoral drift is interrupted by the evolution of tombolos behind the
detached breakwaters. The capacity of littoral drift (Qout max) could be equal to or greater than (Qoyt).

(Qout max = Qout)- Qout max and Qogrshore Might be increased by severe swell waves, which were recently
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observed during the southwest monsoon.

2.3 Collection of past data

The last bathymetry and topographic survey were done at Marawila in 2007 by the National Aquatic
Resources Research and Development Agency, Sri Lanka (NARA). The error of depth in the bathymetry
survey was approximately 0.15 m according to the surveyor (NARA 2007). A time series of water depths
from October 23,2010, to August 8, 2017, at Bambukuliya Barrage in the Maha River [see Fig. 1 (b)] was
collected by the National Water Supply and Drainage Board. We also measured the barrage specifications
at that site. Mined sediment volume, grain sizes, and water depths were collected by the CC & CRMD.
Mining area | was surveyed (and observed) in February 2017, and the data was verified. Specifications of
mining area 2 were taken from the review of environmental impact assessments (CECB 2015). Mining area
1 could increase Qgffshore and provided sand to nourish MB. Mining area 2 could increase Q. Critical bed
velocity (Ucr) data, relating to the transport of a particle in mined areas, were obtained from the literature
(Van Rijn 2013). The unit construction costs of coastal protection measures per unit length of coastline
were provided by the CC & CRMD. Table 1 summarizes the collected past data, measurement periods, and
usage.

Table 1: Collected past data and their measurement (or estimated) periods, and usage

Measurement
or estimated
Collected data Usage
(only cost)

periods

The bathymetry and topography | February 2007 To estimate sediment transport flux
data of Marawila Beach

Time series of water depth at October 2010 to | To estimate river discharge

Bambukiliya Barrage August 2017

Mining volume, average grain February 2017 To identify the effect of offshore sand mining
size of mined sand on sediment flux

Unit construction costs of February 2017 To compare coastal protection measures for
coastal protection measures per considering better erosion management

unit length of coastline

The bathymetry and topography data, time series of water depth, and specifications of mining

were used to estimate sediment transport flux and river discharge, and to identify the effect of offshore
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sand mining on sediment flux, respectively. The unit construction costs of various coastal protection

measures per unit length of coastline were compared.

2.4 Extraction of shoreline data from beach properties using satellite images

and aerial photos

Digital Globe satellite images from December 2, 2001; December 19, 2003; December 29, 2005; February
11, 2010; February 2, 2014; February 7, 2017; July 30, 2018; and May 8, 2019, were collected to identify
the chronological change in shoreline orientation between the Maha River mouth and MB. The changes in
the shoreline were presented relative to the shoreline on December 2, 2001, and then the accretion (and
erosion) rates were calculated using the method proposed by Aedla, Dwarakish, and Reddy (2015) and
Samarasekara et al. (2018).

Aerial photos were collected using a drone (DJI Phantom 4 Professional) to map 44 ha of the
beach area in August 2017 and February 2019. Drone flights were performed using preprogrammed
missions using the DJI GS PRO package. Aerial images were taken perpendicular to the earth’s surface at
30 m altitude in 0.9 cm/px resolution, and an orthomosaic map was created using the Agisoft Photoscan
package. As cloud-free satellite images were limited during the southwest monsoon period (May—
September), the authors obtained detailed aerial images in both the monsoon and non-monsoon periods
using the drone. Orthomosaic maps were treated similarly to satellite images; the shorelines were extracted
using a method proposed by Aedla et al. (2015) and Samarasekara et al. (2018). Google Earth Pro was used
to combine the two datasets. The processed orthomosaic maps were overlaid on a DigitalGlobe satellite
image in Google Earth Pro. Although their resolutions were very different, the accuracy in location was in

the range of 5 m, which is acceptable for the present purpose of delineating the shoreline.

2.5 Collection of beach properties

The beach slope was measured from topographic surveys during field visits in February 2017, August 2017,
February 2018, and February 2019. Beach slope values before 2007 are assumed to be the same as those in
2007, as erosion rates were low (1-2 m/y) during that period (CC & CRMD 2006). A linear trend in a
temporal change of beach slope was assumed between 2007 and 2017. The median particle size was taken
as 0.6 mm, based on the CC & CRMD reports (Fernando 2009). Due to the rough sea conditions during the

southwest monsoon period, the slopes of the breaking zone were not measured; thus, the beach slope
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measured in February was assumed to be the same throughout the year. The density of sediment was

assumed to be 2650 kg/m>.

2.6 Bathymetry survey

Bathymetry surveys were conducted along the Marawila coast using an echo sounder (Lawrence Hook 4
Fish Finder) in February 2017, 2018, and 2019. The transducer of the fish finder was attached to a kickboard
that was towed by a small fishing boat along sounding lines, as shown in Fig. 2, which also shows the
predetermined lines (L1, L2, and L3) used for comparison in cross-shore profiles. These predetermined
lines corresponded to the sounding lines of the NARA bathymetry survey. An estimated cross-shore beach
profile where beach nourishment occurred is shown along Line L2. Lines L3 and L1 were located upcoast

and downcoast of the littoral drift, respectively.

Tidal corrections for the bathymetry were made using the ReefMaster package. We took moving
averages (of 5 consecutive depth measurements) of the observed bathymetry data to minimize the effect of
wave action. Bathymetry contours were plotted by interpolating the modified observations; then, the annual
bathymetry change rates were calculated. The sounding lines differed for each year; therefore, Triangular
Irregular Networks (TIN) surfaces were created to extract depths along the predetermined lines. According
to the specification of the sounder and with consideration for wave fluctuations, an error of depth was
estimated to be ~0.3 m while that for horizontal positioning was in the range of 2 m. The beach slope values

were used in the calculations of volume and sediment transport capacities of the littoral drifts.

Fig. 2. (a) Photograph of kickboard (sonar was attached 6 cm below the downside-center of the kickboard); (b) maps
showing boat cruise lines of bathymetry surveys for 2017, 2018, and 2019; 500 m predetermined lines (L1, L2, and
L3) (Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX,

Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community)

2.7 Wave hindcasting

As the erosion along the western coast was initially recorded in the early 1980s, the wave simulation was
carried out from 1980 to identify the starting time period of intensification of wave climate, which could
potentially affect sediment transport. Hindcasting of waves was performed using a third-generation wave

model called WAVEWATCH III (hereafter WW3) (Tolman 2009), using the National Center for

9
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Environmental Prediction (NCEP) and the National Center for Atmospheric Research (NCAR) (Kalnay et
al. 1996) reanalysis wind data to obtain the daily average wave properties at Marawila during January 1,
1980, to December 31, 2018. The bathymetry data was obtained from ETOPO1/ETOPO2 (NGDC 2006).
Fig. 3 shows the bathymetry profile and land-sea mask within the simulation domain. A grid with a
resolution of 0.125° was generated from a MATLAB module, named automated grid generation for WW3
(Chawla and Tolman 2007). The reanalysis wind data consisting of U wind and V wind at 10-m altitude in
2.5° resolution was obtained at 0000 h, 0600 h, 1200 h, and 1800 h (4 times per day). The time series of
the daily averaged significant wave heights (Hs), peak wave frequencies (fp), and wave directions (6)
were obtained at the nearest grid point (7.375° N, 79.750° E) at a depth of approximately 20 m (Tolman
2009). Due to the lack of observed data, the outputs were compared with wave conditions based on

transformed wave data, which were collected at the Colombo Port.
Fig. 3. Graphical representation of WW3 grid input files: (a) bathymetric input, (b) land-sea mask input, (c)
obstruction in x-direction, (d) obstruction in y-direction (obstructions are small islands), and (e) simulation grid near

MB

When the Hs (or Tp (= 1/fp)) of a certain day was greater than the 3rd quartile of the whisker-
plot diagrams of Hs (or Tp), such a day was called a high-wave (or long-wave) day in this study. High-
wave and long-wave days were counted in each year to identify the changes in wave climate. Furthermore,
the authors grouped the respective © values (of high waves and long waves) into 10° intervals to analyze

the linear trends of the occurrences of high waves (and long waves) in each © group.

2.8 Estimation of river discharge and watershed sand mining

The river discharge at the barrage was calculated using Equation (2), assuming that the barrage functioned
as a weir (Hager 1987). Fig. 4 (a) shows a photograph of the barrage under flood conditions. Fig. 4 (b)

shows a schematic diagram of the barrage.

q = CBh'S @)
2
If0 <"/, <01, then ¢ = 1.642("/, )

10.1 < 1/, < 0.4,then ¢ = 1.552 + 0.0533("/, )

10
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If0.4 <"/ < (1.5~1.9), then ¢ = 1444 + 0.352("/, )

where ¢ is discharged over the weir, B is the width of the weir, 4 is the water height over the weir, L is the

length of the weir, and C is a constant for the structure.

Fig. 4. (a) Barrage under overflowing conditions (photo was taken on August 8, 2018). (b) A schematic diagram of
barrage
The mined area was calculated by demarcating the mining pits [see Fig. 1 (c)] on Google Earth
Pro (the latest image was taken on February 4, 2017). The locations of sand/clay mining locations were
verified by traveling 14 km upstream from the river mouth in August 2017. The depths of the mining pits
were verified based on interviews (i.e., authors queried the depths from the inhabitants in the river

riparian area).

2.9 Estimation of beach erosion and accretion

The coastline is defined as the permanent vegetation line of the beach; the shoreline is defined as the
mean edge of the swash zone (wave breaking zone) (Oertel 2005). The shoreline is divided into small
segments (r = I, 2 ...) of length d (~1 m). Images from different days were denoted (t =/, 2...) . Fig. 5
(a) shows a schematic diagram of the shoreline on days ¢ and ¢ + 1. The coordinates of each point on the
shorelines are known. Line AB is a known straight line, which is almost parallel to the coastline. AB can
be mathematically represented as AB:y = mx + C. The perpendicular distance (L;,) of each point (P; )
from line AB was calculated using Equation (3). The shoreline accretion rate (E,.,-) (negative values of
accretion rate represent erosion rates) between day t 4+ 1 and day t was calculated using Equation (4).
The time (month or year) is denoted by 7. The accreted shore area (A,¢,) (negative values of accreted
shore area represent eroded areas) was calculated using Equation (5). The accreted shore volume (V¢
(negative values of accreted volume represent eroded volume) was calculated using Equation (6). The
coastline on December 2, 2011, was assumed to be t = 1 in the volume calculation. The landward section
of the coastal zone was considered almost horizontal. The beach shape was assumed to be an

embankment between points r and r + 1.

11
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Fig. 5. (a) Schematic diagram of the coastline, shoreline, and beach area (plane view) showing the shoreline of day t
and day t + 1, line AB, and lengths L; ,, L¢ 41 5 Ley1y, and Leyq 44 (perpendicular distances to line AB from points
Pt . Peyi1 s Pey1y, and Peyq 41, Tespectively). (b) Schematic diagram of cross-section (RR”) showing beach area and

beach slopes of days tand t + 1

2 2 2
_ Xtr+mygr—mC MmeYer+mxe,r+C
Ler= \/(xt‘r - m2+1 ) + (yt,r - m2+1 3)
Lt+1r=Ler
Eppy = —Sr—tr 4
At,r Tep1—Te ( )
Aner =2(L L L, —L
At,r — E( t+1,r + t+1,r+1 — Ltr T t,r+1) (5)

—ar072 2 2 2 2 2
Vagr =75 (L1 = X tan @epgy + (Liiapen — XZiare1) AN Qppg g — (L3, — XE) tan @, —

(L%,r+1 - Xt2,r+1) tan at,r+1] (6)

2.10 Estimation of annual change in sediment transport

The daily average capacities of littoral drifts were estimated using empirical formulas, field observations,
and simulated wave conditions. We adopted the US Army Corps of Engineers (CERC) and Kamphuis

formulas, which are widely used in estimating littoral drifts (van Rijn 2003), and are as follows:
Qout max = 0.04830 HZ® sin(2a) (7)
Qout max = 0.00203 HIT;* (tan )*7®dse™"** (|sin 2a|)*® (8)

where Qout max 18 the alongshore sediment transport rate (m*/s), H is the significant wave height at the
breaking point (m), T,, is the peak wave period (s), « is the wave angle at the breaking point, tan § is the

beach slope in the breaking zone, and ds is the median grain diameter (um).

3. Results and Discussion

3.1 Temporal change in shoreline
MB can be divided into five zones (A, B, C, D, and E) based on the current adaptive measures implemented

12
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in February 2017. Table 2 shows the implemented management measures and length of each zone.

Table 2. Implemented management measures in Zones A, B, C, D, and E

Zone Length (m) Implemented management measures (February 2017)

A 2,100 4 detached breakwaters, 1,700m long revetments

B 1,400 4 submerged breakwaters, 1,000m long beach nourishment,

C 1,000 2 detached breakwaters, 1,400m long beach nourishment
600 600m long beach nourishment

E 1,400 11 groins

Fig. 6 shows (a) spatial extent of MB, (b) shoreline accretion (and erosion) rates between January
2017 and August 2017, (c) those between August 2017 and February 2018, (d) those between January 2017
and February 2018, and (e) management initiatives taking place after February 2017. Fig 6 (¢) also includes
non-monsoon months (i.e. March and April). Beach accretion (and erosion) is small in Zone A as a result
of introduced detached breakwaters and revetments. Out of the four submerged breakwaters in Zone B, two
failed to maintain nourished sand. The construction of the submerged breakwater 500 m away from the
detached breakwater could account for ineffectiveness of beach restoration between 2100-3000 m. The
beach was accreted in Zone C in both the monsoon and non-monsoon season because of evolving tombolos.
The beach in Zone D was accreted from January 2017 to August 2017. This accretion was an overestimated
value because the beach nourishment had not occurred at the date of the satellite image (January 12, 2017).
The groin field interrupted a portion of the transported sediments towards the north and restored the beach
area in Zone E. The accreted beach in Zone E during the monsoon season was slightly eroded during the
non-monsoon period. Table 3 shows the accreted (or eroded) beach area for each zone. Interventions in
Zone A, Zone C, and Zone E successfully restored the respective beach areas. The shorelines in Zone B

and Zone C were eroded after beach nourishment in December 2016—February 2017.

Fig. 6. (a) January 2017, August 2017, and February 2018 shorelines on a satellite image in December 2017 (Image
was taken on December 23, 2017) (Source: Google Earth, Data SIO, NOAA, U.S. Navy, NGA, GEBCO) (Image was

taken by DigitalGlobe). (b) Shoreline accretion rate from January 2017 to August 2017. (c¢) Shoreline accretion rate

13
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from August 2017 to February 2018. (d) Shoreline accretion rate from January 2017 to February 2018. (e) Significant

management initiatives that took place in 2018

3.2 Bathymetry and beach properties

Fig. 7 shows the nearshore bathymetries for (a) February 2017, (b) February 2018, and (c) February 2019.
Fig. 8 shows the cross-shore profiles in February 2007 and 2017 along the predetermined lines of L1, L2,
and L3. These cross-shore profiles show high erosion in the bathymetry profile up to 5 m water depth.

Fig. 9 shows the changes in bathymetry (a) between 2017 and 2018, and (b) between 2018 and 2019.

Fig. 7. Nearshore bathymetry in February (a) 2017, (b) 2018, and (c) 2019 (Source: Esri, DigitalGlobe, GeoEye,
Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the
GIS User Community)

Fig. 8. Cross-shore profiles of February 2017, 2018, and 2019 along line (a) L1, (b) L2, and (c) L3 (Source: Esri,
DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN,
IGP, swisstopo, and the GIS User Community)

Fig. 9. Change in bathymetry from (a) 2017-2018 and (b) 2018-2019 (Source: Esri, DigitalGlobe, GeoEye, Earthstar
Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS

User Community)

Accretion areas are shown in red, while erosion areas are in blue. The nearshore erosion was high during
2017, and eroded areas were slightly accreted during 2018. This could be due to the increased northward
littoral drift during the southwest monsoon season (see Section 3.7). There was no river sand supply during
the southwest monsoon of 2017, as the river mouth was closed by a sand bar between February 22, 2017,
and September 4, 2017. Sediments flowed through an opened river mouth after September 4, 2017. The
slight accretion in 2018 could be due to river sediments and off-shoreward movement of nourished sediment
caused by severe wave conditions in 2017.

Fig. 10 shows the change in the average beach slope at the depth of the wave breaker zone (d}) for
each zone. The breaker zone was determined from calculated Hs values (d;, = H;/0.7 = 3.6 m). Fig. 10

shows the average slope values (at dp) throughout each zone. Adaptive measures were not introduced in
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2007, and beach slope values were taken from Samarasekara et al. (2018). The beach slope increased with
time with implementation of various adaptive measures, although some beach areas were restored by
adaptive measures. The beach slope was steepened during the rough monsoon season in 2017. The beach
slope decreased in Zone B, Zone C and Zone D owing to off-shoreward transport of nourished sediment in
2018. However, the beach slope did not recover in Zone A and Zone E.

Fig. 10. Change in average beach slope of braking zone in Zones A, B, C, D, and E

3.3 Watershed environment

This section describes the temporal change in Qg;y.,-- Even with strict regulation of river sand mining in
2004 imposed by the government of Sri Lanka, river sand flow was further reduced owing to (i) illegal
sand/clay mining from the river riparian zone and (ii) increased water demand in the watershed (as a result,
dams were constructed along the river). There is comprehensive legislation and policy to mitigate the river
degradation (e.g., Mined and Mineral Act, 1992 and Coastal Zone Management Plan, 2004). However, the
law is not effectively enforced due to various factors, such as limited resources for supervision. The
government gives priority to the construction of barrages to extract drinking water. Due to all the above
factors, sediment flow will further reduce in the future. The depths of the mining pits ranged from 0 to 7
m. Approximately 10.7 million m* (0.82 million m*/y) of clay and sand were removed from the riparian
zone during 2004-2017. Fig. 11 shows the daily average discharges over the Bambukuliya Barrage. The
time series starts on October 23, 2010 and ends on August 8, 2017. The river water discharge was drastically
reduced in recent years as a result of droughts upstream and increased water demand. The maximum river
flow also decreased in recent years, as there were many days with zero discharge (no flow over barrage)
and flash flood sediment flows decreased. Fig. 11 clearly shows that there were many zero discharge days
(closed river mouth) and fewer flood events that cause flash and bulk sediment flows to the coast. Therefore,

there was a drastic reduction in the river sediment supply.

Fig. 11. Daily average river flow over Bambukiliya Barrage

3.4 Offshore sand mining

The entire northward coastline up to Marawila (including Zone A) was protected by detached breakwaters,
revetments, and groins. Therefore, the sediment influx (Qy,) has remained low and has reduced since 2004.

The mined sand heights were low compared to the water depth. The critical bed velocities were higher than

15



376
377
378

379

380
381
382
383
384
385

386

387
388
389
390
391
392
393
394

the maximum orbital velocities at the seabed (see Table 3). This analysis shows that offshore sand mining
has little impact on Q,.

Table 3. Summarized details of offshore sand mining in Area 1 and Area 2

Mining Area 1 Mining Area 2

Mining Period December 2016 to October 2013 to

& January 2017 January 2019
Mined Sand Volume (10°m?) 0.8 70
Mined Area (10°m?) 4 100
Sediment depth at mines (m) 02 0.7
=(Mined sand volume )/(mined area) ) )
Median particle size (dso) (mm) 0.2 0.5
Crlt_llcal bed velocity (Uc) to transport sediment 0.42 038
(ms”)
Water depth (m) 12 16-18
Maximum orbital velocity of seabed (Uy)of
nearshore boundary of the mining area (ms™) 0.28 (<0.42) 0.18 (<0.38)

The critical bed velocity (Ucr) to transport a particle of 0.5-mm grain size is 0.42 m's™'. The area
was 12 m deep and flat, and two 15 m deep pits were found during the observation, which was the maximum
depth allowed by the CC & CRMD. The maximum orbital velocities at seabed (Uj) of the shoreward
boundary are in the vicinity 0of 0.28 m-s™!. The (U,) values were calculated for high-waves and the maximum
value has been documented. The critical bed velocities are ~0.38 m-s™'. The orbital velocities at seabed (U,)

of the shoreward boundary are ~0.18 m-s!.

3.5 Wave hindcasting

Previous research on the wave climate of Sri Lanka considered four seasons namely, inter-monsoon I
(March—April) southwest monsoon (May—September), inter-monsoon II (October—November) and
northeast monsoon (December—February) (Gunaratna, Ranasinghe and Sugandika 2011; Thevasiyani and
Perera, 2014; Bamunawala et al., 2015); the simulated climate data was plotted separately for each season.
Fig. 12 shows the Whisker plot of modeled (a) Hs (b) Tp and (a) 9 of each season, from 1980 to 2018. The
observed (and transferred) average and extreme wave conditions, which were obtained from the CC &
CRMD, are also shown in Fig. 12. The observed and model values followed the same pattern. The reasons

for the difference in Hs and Tp could be attributed to wave transformation errors and wave shoaling effects.
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Fig. 12. Whisker plot diagrams (a) Hs, (b) 7,, and (c) 6 of each season since 1980 to 2018; and the average and

extreme wave conditions, based on transformed wave data

Fig. 13 (a) shows the time series data of H, (from January 1, 1980, to January 1, 2019) and its
moving average over 365 days (1 year). Relatively high waves occurred during the southwest monsoon.
For a gradient of 1 year, the moving average was 5x10- (R?>= 0.1123). The 1-year moving average plot did
not show a significant fluctuation in H, Fig. 13 (b) shows the Whisker plot diagram for all H, values in the

range of high waves. Therefore, we further analyzed the high waves as well as the long waves.

Fig. 13. (a) Significant wave heights (Hs) and its 365-day moving average, (b) Whisker plot diagram of Hs and the
definition of high waves

Fig. 14 (a) shows the percentage of days of long waves in each year. Long-wave days were defined
in a similar way as high-wave days by plotting the time series of all peak wave periods (Tp). The third
quartile (Q3) of all Tp values was 5.8 s. The percentage of long-wave days did not change from 1980 to
2018. Fig. 14 (b) depicts the percentage of days with high waves for each year. The results reveal that a
relatively higher percentage of high waves occurred after 2012. Fig. 14 (¢) illustrates the percentage of high
waves for different direction groups. North is defined as 0° and all directions are relative to north. Most of
the high waves were reached from the 240°-250°, 250°-260°, 260°-270°, and 270°-280° wave directions.
The results reveal that the high waves approaching from the 240°-250° (0.0002, R?= 0.34) and 250°-260°
(0.0013, R?>=0.26) direction groups exhibit an increasing trend, while high waves approaching from 260°—
270° (0.0004, R?=0.01) and 270°-280° (—0.0004, R?=0.04) do not show an increasing trend. The regression
coefficients and R-squared values are displayed within the brackets. Due to increased high-wave conditions

associated with climate change, nourished sand moved off-shoreward and in the northward direction (Qgy¢).

Fig. 14. (a) Percentage of long-wave days for each year, (b) percentage of days of high waves for each year, and (c)
percentage of reached high waves in selected direction groups (230°-240°, 240°-250°, 250°-260°, 260°-270°, 270°—

280°, 280°-290° and 290°-300°)
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3.6 Sediment transport flux

Qout max is the capacity of littoral drift due to wave climate. Qg is the actual sediment outflux, whose
upper limit is Qout max- Fig. 15 (a) compares the volume of net annual littoral drift (Qoyt max) Which was
calculated from both formulas. The CERC formula estimates a relatively high sediment transport volume.
These values are not consistent with the sediment transport studies of 1992 and 2007 (Fittschen, Perera,
and Scheffer, 1992; Samarawikrama et al., 2009). Therefore, Fig. 15-(b) shows only the
Qout max €stimations from the Kamphuis formula, which was more realistic, considering field survey
results and interviews. The positive littoral drift indicates northward sediment transport, while the negative
littoral drift indicates southward transport. The results reveal that the sediment transport of the littoral drift
increased after 2012, and values reached extremes in 2017. Although the littoral drift has the capacity to
transport Qout max Sediments, it cannot easily erode the western coast (between Colombo port and MB) as
the entire coastline is protected through the detached breakwater, revetments, and groins. The littoral drift

could erode areas of Marawila where beach nourishment is undertaken.

Fig. 15. Comparison of estimated volumes of littoral drift along MB from (a) CERC (with Kamphuis for comparison)

and (b) Kamphuis formula from 1980 to 2018

Beach nourishment (mainly in Zone B and Zone D) was rapidly eroded by the littoral current. A
portion of the transported sand was held by the groin field in Zone E. Fig. 16 shows photographs that were
taken in Zone B and E after beach nourishment was performed and show evidence of the northward

transport of sediment due to the severe southwest monsoon wave climate of 2017.

Fig. 16. Beach nourishment near a hotel in Zone B. (Photographs taken on (a) February 13, 2017; (b) August 1, 2017;
(c) February 28, 2018; and (d) February 21, 2019.) Shoreline near a pink-colored church in Zone E (Photographs

were taken on (e) December 19, 2016; (f) August 1, 2017; (g) February 21, 2018; and (h) February 21, 2019)

3.7 Spatio-temporal change in beach sediment volume in northern cell

As there were no good quality satellite images to extract shoreline with the required accuracy of 10 m

before 2001, the authors extracted shoreline only from 2001. This section discusses the status of Q4.
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After enacting strict regulations of river sand mining in 2004, detached breakwaters were introduced to
restore the beach from 2005 to 2010 between the river mouth and MB. Fig. 17 shows (a) the total accretion
and erosion and (b) the cumulative sediment accretion between the river mouth and MB (14 km beach
stretch) from December 2001 to May 2019. Initially, 12.3 million m* (1.23 million m?/y) was accumulated
during 2004-2014. The accreted area eroded later at a rate of 1.55 million m*/y due to intensified wave
conditions [see Fig. 14 (b)]. The detached breakwaters effectively captured sediment but caused massive
erosion downcoast of MB as a result of the interruption of the northward littoral drift. However, the accreted

shore was slowly eroded after 2010.

Fig. 17. (a) Spatial extent between Maha River and MB (Image was taken in February 2017) (Source: Google Earth,
Data SIO, NOAA, U.S. Navy, NGA, GEBCO) (Image was taken by DigitalGlobe); (b) total sediment accretion
between the Maha River mouth and Marawila during December 2001 to May 2017; (c) cumulative accretion between

the Maha River mouth and MB from December 2001 to May 2019

3.8 Spatio-temporal change in beach sediment volume in southern cell and its

management

This section discusses the status of Qgrosion- Spatio-temporal changes (from 2002 to 2017) in the
beach area at MB have been studied by Samarasekara et al. (2018). We have investigated the spatio-
temporal changes in 2018 and 2019. Fig. 18 shows the cumulative accretion of the beach volume in MB
from 2001 to 2019. The beach volume increased due to the beach nourishment during December 2016 and
February 2017. The accretion (and erosion) in the southern and northern cells are shown in Fig. 17 (c) and
Fig. 18, respectively. Typical protection measures in the northern and southern cells were beach
nourishment and installation of detached breakwaters, respectively. The nourished beach in the northern
cell was, however, continuously eroded due to severe monsoon waves, while the breakwaters in the

southern cell efficiently restored the beach.

Fig. 18. Cumulative beach volume accretion (negative values denotes the erosion) of MB from 2001 to 2019

Table 4 shows the accreted beach area, change in beach slope (spatially averaged slope), and cost
of adopted measures in each zone studied. Adopted measures in Zone C are effective in restoring the beach

area and reducing the beach slope; however, this seems to be the most expensive adopted measure. In the
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early 1980s, the supply of river sand was drastically reduced it was difficult to reinstate river sand flow.
The most appropriate sustainable solution to maintain MB is seasonal beach nourishment. However, with
the intensified wave conditions, the nourished beach would be eroded. Therefore, a combination of beach
nourishment and detached breakwater seems the most suitable adopted measure. Management measures
for each zone are shown in Table 4. The cost of a detached breakwater, submerged breakwater, and groin
was 1.31 million USD (United States Doller), 0.41 million USD, and 0.28 million USD, respectively. The
length scale information is shown in Table 2. The cost of offshore sand (which was used for beach
nourishment) was 11 USD/m?. The cost of a unit length of a revetment was 342 USD/m.
Table 4. Accreted beach area, change in beach slope, cost of adopted measures and cost to grow a

unit beach area in each zone between February 2017 and February 2018

Zone A Zone B Zone C Zone D Zone E
A 8 88 118 253 158
Change iré(;f)mh slope 38.9 -6.9 0 3.8 14.3
Cost (USD/m) 591 2161 2390 1995 314
R I B e R

As Zone B and C were still eroding, the cost of growing a unit area was not defined in Table 4.
Table 4 shows that the cost of preventing erosion without beach nourishment (in Zone A) was nearly four
times (=76/20) higher than that with beach nourishment (in Zone C). Beach nourishment is continuous, and
Table 4 only reflects a short time period of 1-3 years. The annual budget to manage 1340 km of total
shoreline in Sri Lanka was 5.8 million USD in 2017 (MMDE, 2018). The cost of beach nourishment was
5.2 million USD, and the allocated budget for 1-year rehabilitation was not sufficient. Therefore, beach
nourishment was phased; Stage 1 was completed in 2016, at a cost of 3.2 million USD, while Stage 2 was
completed in 2017, at a cost of 2 million USD. Implementation of continuous beach nourishment is difficult

with such limited budgets.

3.9 Mechanism of erosion

Fig. 19 shows sediment flux before erosion in MB, during the first decade of erosion, and during
the second decade of erosion. Arrows indicate the magnitude of the sediment flux. Sediment flux in 1980—
2000, 2000-2010, and 2010-2019 represents the time before erosion, the first decade of erosion, and the

present situation, respectively. The sediment flux was obtained from the literature and the analysis focused
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on the period between 1980 and 2019. The interruptions of littoral drift from the detached breakwaters in
the river mouth and MB led to erosion at MB. As the entire west coast between Colombo Port and MB was
protected by revetments, detached breakwaters, coves, and groins, the beach was protected from significant
erosion. As a result, the littoral drift (Qy,) has reduced. Table 5 summarizes the causes of erosion in each
decade.

Fig. 19. Sediment flux within the coastal cell including MB and Maha River mouth (a) before erosion in (1980-2000)

(b) first decade of erosion (2000-2010) (c¢) during second decade of erosion (2010-2019) in MB

Table 5. Causes of erosion in each decade at northern cell (MB) and southern cell

Decade Causes of erosion

1980 — 2000 | Southern cell: Coast protection from detached breakwaters, groins and revetments in
sediment upstream, reduction in sediment supply from Kalani river and Negombo
lagoon mouth, Construction of barrage over Maha river, sand mining in Maha river;

Northern cell: No erosion

2000 — 2010 | Southern cell: No erosion; Northern cell: Coast protection from detached breakwaters
and groins in southern cell, excessive clay and illegal sand mining in Maha river

riparian

2010 — 2019 | Southern and northern cells: Intensified wave climate

Continuous beach nourishment is required to maintain a wide sandy beach. The apparent solution
is beach nourishment combined with hard engineering structures, such as detached breakwaters and groins.
However, these solutions are costly, thus exerting a heavy financial burden on the government. A detailed
cost-benefit analysis is required for continuous beach nourishment compared to other potential solutions,
such as (i) covering the entire coast with detached breakwaters, (ii) implementing a mega beach
nourishment program upstream (near the river mouth), (iii) managing mass relocation (retreat), and (iv)
replacing all barrages and dams with automated gates, which allow sediment bypass from inland rivers. For
example, Taiwan is a country that covered its entire coastline line with coast protection measures (Chiang
et al., 2017). Mega beach nourishment has been successful in the Netherlands (Pit, Griffioen and Wassen,

2017; Luijendijk et al., 2018). Mega relocation measures have been implemented in developed countries in
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Europe (McCreary et al., 2001) and in developing countries such as Ghana (Jonah, 2015) and Senegal
(Ndour et al., 2018).

Due to the limited budget in developing countries, it is necessary to invest more in long-term and
large-scale solutions. There is a need for further research on the status and mechanism of beach erosion in

order to support decision-making regarding investment in engineered coastal protection measures.

4. Conclusions

Coastal erosion on the west coast of Sri Lanka has been a long-term problem, since the 1980s. The beach
area between the Maha River mouth and MB had initially been eroded due to the reduction in the supply
of river sand as a result of river sand mining and barrage construction over the river during 1980-2004.
Detached breakwaters were introduced between the river mouth and MB during 2005-2010, and as a result,
the beach was severely eroded. To protect MB, various hard and soft measures, such as submerged
breakwaters, detached breakwaters, revetments, and beach nourishment have been implemented during
2011-2016. Beach nourishment was conducted using offshore sand at the end of 2016; however, it was
only effective when combined with detached breakwaters and groins. This combination effectively restored
the beach and recovered the original beach slope, which had been steepened during the rough monsoon
season in 2017. Beach nourishment is an expensive measure and will not always be affordable for the
government of Sri Lanka. The wave climate intensified after 2011, and the capacity of northward littoral
drift increased to an average of 10.6 m®/y. Moving sediment flux into sediment cells from upstream of the
river drastically declined to 0.05 m*/y due to upstream, illegal clay and sand mining in the river riparian
zone. Due to this imbalance in the sediment flux, the unprotected (and nourished) MB has been significantly
eroded in recent years. The lack of integration in MB and the entire sediment system is a major issue; thus,
it is necessary to study the feasibility of long-term solutions to prevent erosion. In this study, we empirically
analyzed all available and quantifiable data related to the erosion problem in MB. Moreover, we hope that
this study can contribute to engineering and management data on sustainable coastal erosion management

in developing countries to improve the mitigation of coastal erosion hazards.
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