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Abstract

Global sea-level changes have been a major topic among scientists. Sea-level changes are not globally uniform.
Reconstruction of paleo sea-level changes and monitoring of variations in regional sea-level are important to (i)
evaluate future sea-level changes, and (ii) predict risk assessment. In this study, we examined sea-level inundation
during the middle Holocene highstands based on paleo sea-level indicators along the south and southwest coasts
of Sri Lanka. Besides, future sea-level inundation was predicted considering the calculated sea-level trends based on
tidal gauge data and high-resolution surface elevation data. Light Detection and Ranging (LiDAR) is one of the
most accurate optical remote sensing methods currently available to obtain high-resolution land surface elevation
data. Therefore, in this study, Digital Elevation Models (DEMs) were prepared using LiDAR data for estimating the
risk assessment in coastal lowlands. Tide gauge data of Colombo in Sri Lanka (from 2006 to 2017), Gan in the
Maldives (from 1995 to 2017), and Hulhule in the Maldives (from 1995 to 2017) showed that sea-level has increased
with a rate of 0.288 ± 0.118, 0.234 ± 0.025, and 0.368 ± 0.027 mm/month, respectively. DEMs based on LiDAR data
suggested that south and southwest coasts are a risk of future sea-level inundation (height = 0.1–0.2 m during next
50 years and about 0.7 m in height during next 200 years, and distance = about 3.5–15.0 m from the present sea-
level towards the inland). Consequently, it is important to consider future sea-level changes in disaster
management and mitigation activities along the south and southwest coasts of Sri Lanka.
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Introduction
The global sea-level has increased due to many rea-
sons, such as thermal expansion of seawater due to
the global warming (Wigley and Raper 1987; Bindoff
et al. 2007; Domingues et al. 2008), and the input of
freshwater from melting ice mass from Antarctica
and Greenland (Meier et al. 2007; Huybrechts et al.
2011; Slangen and Lenaerts 2016). Even a small-scale
sea-level rise can cause disastrous impacts, as coastal

areas are normally densely populated. Consequently,
many studies have been undertaken to identify
causes, trends, and patterns of future sea-level inun-
dation and its risk management (e.g., Gregory et al.
2001; Caccamise et al. 2005; He et al. 2016).
Sea-level rise is not globally uniform, and differs

from region to region followed by changes in atmos-
pheric and/or oceanic circulation (Woodworth et al.
2009; Li and Han 2015), changes in the gravitational
field of the Earth (Kang et al. 2005), and inverse bar-
ometer effect created by the atmospheric surface
pressure changes (Wunsch and Stammer 1997). Be-
sides, it is important to understand regional sea-level
variations and local changes to predict future sea-
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level inundation and its risk assessment (e.g., Bindoff
et al. 2007; Unnikrishnan and Shankar 2007; Han
et al. 2010). A combined ground and satellite obser-
vations and simulations of Indian Ocean sea-levels have
identified a clear spatial pattern in sea-level rise since the
1960s (Han et al. 2010). According to the tidal gauge data,
sea-level has increased about 12.9 cm per century along
the coasts of the north Indian Ocean (Unnikrishnan and
Shankar 2007). Han et al. (2010) also identified that the
coastlines of the Bay of Bengal, the Arabian Sea, Sri Lanka,
Sumatra, and Java can experience particularly high sea-
level rise due to the Indo-Pacific warm pool. The Indo-
Pacific warm pool has warmed up by 0.5°C during the past
decade. The average sea-level has thus been risen by 12.7
mm along the northern Indian Ocean coasts during the
past decade (Han et al. 2010), making Sri Lanka one of the
affected countries for coastal geoenvironmental disasters.
Consequently, Sri Lanka is one of the hotspots to study fu-
ture sea-level changes and risk assessment.
The detailed and accurate present land surface is re-

quired to predict potential erosion and inundation in re-
sponse to sea-level rise. Light Detection and Ranging
(LiDAR) is a remote sensing method that uses light in
the form of a pulsed laser to measure the variable dis-
tance to the Earth. It can be used to obtain accurate
landscape/topography of the Earth’s surface (Hodgson
and Bresnahan 2004). Therefore, the understanding of
coastal geomorphology using the LiDAR method can be
used to determine future sea-level inundation. Coastal
geomorphological changes of Sri Lanka have been dis-
cussed by several authors (e.g., Katupotha 1988a, 1988b;
Ratnayake 2016; Ratnayake et al. 2018; Amalan et al.
2018). However, studies on the regional sea-level rise
and risk assessment based on local coastal geomorph-
ology have rarely been focused in Sri Lanka.
The present study is focused on the most populated

areas located in the south and southwest coasts of Sri
Lanka. According to the Department of Census and Statis-
tics of Sri Lanka, the study area consists of about 10% of
the total population in Sri Lanka. In this study, we first
mapped areas for middle Holocene highstands based on
paleo sea-level indicators. Then, the regional sea-level ris-
ing trend was calculated in the Indian Ocean using avail-
able tidal gauge data. Finally, future sea-level inundation
and risk assessment maps were prepared considering the
present landscape/topography and paleo sea-level evi-
dence of the study area.

Materials and methods
Paleo Sea-level indicators and middle Holocene Sea-level
inundation
The middle Holocene paleo sea-level indicators (e.g., in-
land coral reefs and marine shell beds) were identified
and mapped during the extensive fieldwork along the

south and southwest coasts of Sri Lanka. Global Posi-
tioning System (GPS) coordinates of all points were
marked, and the middle Holocene sea-level inundation
boundary was demarcated on topographic maps of the
study area.

Calculating sea-level changes
Tide gauge data were used to calculate the sea-level
changes. Colombo tide gauge is the only gauge available
in Sri Lanka for a period of 11 years from 2006 to 2017.
Two tide gauges in Gan in the Maldives (for the period
of 22 years, from 1995 to 2017), and Hulhule in the
Maldives (for the period of 22 years, from 1995 to 2017)
were also selected from the near vicinity to the south
and southwest coasts of Sri Lanka (Fig. 1). Distances
from Colombo to Gan and Hulhule were approximately
990 km and 770 km, respectively (Fig. 1). The sea-level
trend for Sri Lanka was identified using the data from
Colombo station, and it was compared to the Hulhule
and Gan stations in the Maldives to analyze nearby re-
gional trends. Daily sea-level data was obtained in csv
format, and metadata were downloaded from the Uni-
versity of Hawaii Sea Level Center (UHSL) website.
Monthly tidal data were obtained by averaging the daily
data, and the missing values were replaced by repeating
the value from the previous date. These data indicate
seasonal variations, and it needs to be seasonally ad-
justed for identifying the trend. Therefore, the monthly
tidal data have been seasonally adjusted for estimating
the trend. Henderson filter-based method known as the
‘ration to moving average’ was used to adjust data sea-
sonally (Macaulay 1931).
The original time series data (Ot) comprise the

multiplicative fashion of seasonal component (St),
trend-cycle component (Tt) and an irregular compo-
nent (It). The seasonal component (St) is the varia-
tions in a time series representing intra-year
fluctuations. The seasonal component (St) is more or
less stable year after year concerning timing, direc-
tion, and magnitude. The trend-cycle component
(Tt) represents variations of low frequency in a time
series. Therefore, high-frequency fluctuations have
been filtered out. The irregular component (It) of a
time series is the residual time series after the trend-
cycle and the seasonal components have been re-
moved. It corresponds to the high-frequency fluctua-
tions of the series. Therefore, a seasonally adjusted
time series data consists of only the trend cycle and
irregular component. The procedure consists of the
following main steps:

(i) Estimate the trend by a moving average and remove
the trend leaving the seasonal and irregular
components.
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Ot

Tt
¼ Tt � St � It

T t
≈ St � It ð1Þ

(ii) Estimate the seasonal component using moving
averages to smooth out the irregulars.

(iii)The preliminary estimation of adjusted data. An
approximation of the seasonally adjusted series is
found by dividing the estimate of the seasonal from
the previous step into the original series.

Fig. 1 Location of the study area in the central Indian Ocean

Fig. 2 Map of the study area showing the area for observed and estimated middle Holocene sea-level inundation based on paleo sea-level
indications and highstands
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Fig. 3 Graph illustrating corrected data for seasonal component (solid lines), and the linear trend line (dotted lines) for the Hulhule and Gan tidal
stations in the Maldives, and Colombo tidal station in Sri Lanka. (See appendix for original time series data and deseasonalized data)

Fig. 4 (a) Satellite image of Panadura, and (b) risk assessment map of the area
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Ot

St
¼ Tt � St � It

St
≈ Tt � It ð2Þ

(iv)Calculate the sea-level trend. Moving average is
applied to the final estimate of the seasonally ad-
justed series, which has been corrected for ex-
treme values. This gives an improved final
estimate of the trend. Therefore, the calculated
present annual sea-level trend was extended to
determine the sea-level changes during the next
50 and 200 years.

Digital elevation models (DEMs) and risk assessment
The optical remote sensing method facilitates to ac-
quire accurate x, y, z measurements of the Earth sur-
face using laser light. The vertical resolution (in
elevation) of the LiDAR data is 0.3 m and horizontal

resolution is 1.0 m. In this study, the LiDAR data ob-
tained from the Survey Department of Sri Lanka was
used to prepare DEMs for identifying morphological
changes along the southwest to south coasts of Sri
Lanka. Contour maps of 0.2 and 1.0 m intervals were
considered before the preparation of risk assessment
maps.
Coastal geomorphology (changes of elevations) was con-

sidered for the risk assessment maps. Risks followed by
ocean wave behavior, bathymetry, and storm surge were
given a minimum priority for the processing of risk assess-
ment. However, it is important to note that these condi-
tions can be changed within the next 200 years with the
changes in ocean circulations, global wind patterns, and
heat circulation. For future risk assessment, areas such as
Panadura, Beruwala, Galle, and Matara were selected pri-
oritizing the higher population density. The present risk
assessment was carried out relative to sea-level changes
during the next 200 years.

Fig. 5 (a) Satellite image of Beruwala, and (b) risk assessment map of the area
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Results and discussion
The middle Holocene Sea-level inundation
Figure 2 shows the determined possible sea-level inun-
dation areas during the middle Holocene highstands.
The south and southwest coasts of Sri Lanka consist of
inland coral reefs submerged or exposed on the surface.
Twenty-five inland coral sampling locations have been
identified in the field excursions, and some of the inland
coral and shell deposits were located about 1.5 km or
more toward inland from the present coastline (Katu-
potha 1988a, 1988b; Katupotha and Fujiwara 1988).
These paleo sea-level indicators have been used as a
proxy to identify the mid-late Holocene sea-level high-
stands and inundation (Fig. 2). The field observations thus
suggested that paleo sea-level highstands had prominently
influenced the south and southwest coasts of Sri Lanka.
Several studies have discussed middle Holocene sea-

level changes and geomorphological changes in Sri

Lanka (e.g., Katupotha 1988c, 1988d; Katupotha and
Fujiwara 1988; Ranasinghe et al. 2013; Ratnayake et al.
2019; Yokoyama et al. 2019). For example, Katupotha
and Fujiwara (1988) identified over 1.0 m sea-level high-
stands between 6.2–5.1 ky B.P. and 3.2–2.3 ky B. P along
the southwest to south coasts of Sri Lanka. Ranasinghe
et al. (2013) also concluded that mid-late Holocene high-
stands existed in southeastern Sri Lanka between 7.3 ky
and 3.0 ky B.P. Furthermore, Ratnayake et al. (2017) and
Yokoyama et al. (2019) identified the teleconnection be-
tween the Antarctic melting history and sea-level changes
in Sri Lanka and the Indian Ocean. In contrast, it is be-
lieved that the present coastal geomorphology of Sri Lanka
was developed followed by Holocene sea-level regression
about 2.5 cal ky B.P. (Katupotha 1988a, 1988b; Weerakk-
ody 1992; Ratnayake et al. 2017). The present landscape is
the indelible geomorphological imprint of past oscillations
of sea-level. Consequently, paleo sea-level inundation and

Fig. 6 (a) Satellite image of Galle, and (b) risk assessment map of the area
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landform evolutions can be used as the guide for quality
assurance in future sea-level inundation in response to the
present coastal zone, as discussed in 3.2 and 3.3.

Modern Sea-level changes
Tidal data of gauges in Colombo, Sri Lanka (period of
11 years, from 2006 to 2017), Gan, Maldives (period of
22 years, from 1995 to 2017), and Hulhule, Maldives
(period of 22 years, from 1995 to 2017) are shown in
Fig. 3. Sea-level variations in the central Indian Ocean
based on tidal data show seasonal variations (Fig. 3).
However, seasonally adjusted tidal gauge data of Colombo,
Sri Lanka show that a sea-level has increased with a rate

of 0.288 ± 0.118mm/month. Similarly, Hulhule and Gan
stations in the Maldives also indicate that sea-levels have
increased with a rate of 0.368 ± 0.027mm/month and
0.234 ± 0.025mm/month, respectively. Therefore, the au-
thors calculated the average annual rate for predicting fu-
ture sea-level height and inundation.
Sea-level is expected to rise by about 0.1 m – 0.2 m

during the next 50 years, which will result in an inunda-
tion of less than 1.8 m from the present sea-level to-
wards the inland. Besides, sea-level is expected to rise by
about 0.7 m during the next 200 years, with an inunda-
tion of 3.5–15.0 m from the present sea-level towards
inland (not illustrated on the topographic map).

Fig. 7 (a) Satellite image of Matara, and (b) risk assessment map of the area

Palamakumbure et al. Geoenvironmental Disasters            (2020) 7:17 Page 7 of 9



Consequently, in this scenario, the gradual and cumula-
tive erosion can be expected in the future along the
south and southwest coasts of Sri Lanka. On the other
hand, the predicted inundation distances from the
present sea-level can be varied due to the influence of
geologic setting and coastal geomorphological features
such as rocky coastline, sandy ridges, lagoons, marsh-
lands, buried coral reefs, and denudation hills, etc.
Therefore, the scientific study of the coastal processes
such as geomorphology is important to the identifica-
tion of the danger or hazard zones in particular areas,
as shown in the next section.

Risk assessment
Figures 4, 5, 6 and 7 show the risk assessment maps
based on DEMs of Panadura, Beruwala, Galle, Matara
areas, respectively. The red color indicates a high-risk
area, whereas orange and dark yellow in colors shows
medium and low-risk areas, respectively (Figs. 4 5, 6, 7).
Besides, the white color area shows no risk areas. The
sea-level inundation area was predicted as 0.086 km2 in
the selected area of Galle for the next 200 years (Fig. 6).
Similarly, sea-level inundation of Panadura, Beruwala,
and Matara selected areas were predicted as 0.031 km2,
0.167 km2, and 0.103 km2, respectively (Figs. 4, 5 and 7).
However, Matara is the most vulnerable area for future
geoenvironmental disasters (Fig. 7), as the area has a
very low elevation (1–3 m) up to considerable distance
toward inland from the coast. These risk assessment
maps suggest that the south and southwest coasts are
more vulnerable to future sea-level inundation and pos-
sibly coastal erosions.

Conclusions
We have reconstructed the middle Holocene sea-level
inundation boundary of the south and southwest coasts
of Sri Lanka considering paleo sea-level indicators. Sea-
sonally adjusted tidal gauge data in Colombo Sri Lanka
(sea-level rising rate = 0.288 ± 0.118 mm/month) sug-
gested about 0.1–0.2 m inundation height during the
next 50 years and about 0.7 m inundation height during
next 200 years. Sea-level can be thus inundated about
3.5–15.0 m distance from the present sea-level. The pro-
gressive increase in sea-level can enhance coastal erosion
along this coast. Consequently, the risk assessment maps
can be implemented for geoenvironmental disaster man-
agement activities during future extreme events such as
tsunami, and storms. Finally, it is recommended to study
nearshore sediment dynamics and identify shore protec-
tion soft and hard engineering strategies/structures for
controlling coastal erosion and future management strat-
egies along the south and southwest coasts of Sri Lanka.
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1186/s40677-020-00154-y.
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