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Abstract
Anthropogenic sea-level rise poses challenges to coastal areas globally. The combined influence of
rising mean sea level (MSL) and storm surges exacerbate the extreme sea level (ESL). Increasing
ESL poses a major challenge for climate change adaptation of nearly 2.6 billion inhabitants in the
Indian Ocean region. Yet, knowledge about past occurrences of ESL and its progression is limited.
Combining multiple tide-gauge and satellite-derived sea-level data, we show that ESL has become
more frequent, longer-lasting and intense along the Indian Ocean coastlines. We detect a 2–3-fold
increase in ESL occurrence, with higher risk along the Arabian Sea coastline and the Indian Ocean
Islands. Our results reveal that rising MSL is the primary contributor to ESL increase (more than
75%), with additional contribution from intensifying tropical cyclones. A two-fold increase in ESL
along the Indian Ocean coastline is detected with an additional 0.5 ◦C warming of the Indian
Ocean relative to pre-industrial levels. Utilizing the likely range (17th–83rd percentile as the spread)
of Intergovernmental Panel on Climate Change MSL projections with considerable inter-model
spread, we show that the Indian Ocean region will be exposed annually to the present-day 100 year
ESL event by 2100, irrespective of the greenhouse-gas emission pathways, and by 2050 under the
moderate-emission-mitigation-policy scenario. The study provides a robust regional estimate of
ESL and its progression with rising MSL, which is important for climate change adaptation policies.

1. Introduction

Robust assessment of present and projected change
in sea level is crucial for climate change adaptation
and disaster risk reduction (United Nations Frame-
work Convention on Climate Change 2015). Increas-
ing coastal flood risk from extreme sea level (ESL) is
one of the major threats to the global coastline as a
consequence of rising mean sea level (MSL). ESL is
caused by the combined influence ofMSL, astronom-
ical tides and episodic water level fluctuations due to
waves and storm surges (Woodworth and Blackman
2004, Pugh and Woodworth 2014). Coastal flooding
from ESL can cause severe hazards to densely pop-
ulated coastal communities and marine ecosystems
(Pörtner et al 2019, Tebaldi et al 2021). Increasing ESL

can pose a major challenge for climate change adapt-
ation to nearly 2.6 billion inhabitants in the Indian
Ocean region. Yet, our knowledge about past occur-
rences of ESL and its progression along the Indian
Ocean coastlines and Islands is limited.

Several recent studies that address coastal flood-
ing by ESL at the global scale have shown that
ESL changes are driven primarily by the rising MSL
(Woodworth and Blackman 2004, Menéndez and
Woodworth 2010, Vousdoukas et al 2018, Tebaldi et al
2021). Oceans absorbed over 90% of the excess heat
in the climate system due to anthropogenic warm-
ing and have contributed to a rise in the global
MSL (Church et al 2013, Zanna et al 2019). Accord-
ing to the latest Intergovernmental Panel on Climate
Change report (IPCC AR6, Fox-Kemper et al 2021),
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Figure 1. Satellite observed annual trends in (a) mean sea level (MSL, mm yr−1), (b) extreme sea level (ESL, red dots, mm yr−1)
and population density (shaded, population km−2). (c) Annual trend in ESL intensity (mm yr−1, circles) and ESL duration
(triangles, number of hours in each year that exceeds the overall 99th percentiles of the whole record, hr yr−1) from tide gauges
since 1970. Trends at a confidence level above 90% are shown by bigger symbols. Individual tide gauge stations are represented by
corresponding numbers.

the Indian Ocean sea surface temperature is increas-
ing faster than the global mean. As a result, the MSL
rise is accelerating in the Indian Ocean. The spatial
trend map of sea-level anomalies (SLAs) from the
satellite observation available since 1993 is shown in
figure 1(a). The trend map clearly reveals that the
MSL rise is higher in the Indian Ocean region. Higher
MSL rise is also seen in the western equatorial Pacific
and equatorial Atlantic. The MSL rise in the Indian
Ocean is 4.6 mm yr−1 and is larger than the global
mean (3.5mmyr−1) based on satellite data since 1993
(figure S1(c)).

The ESL trend along the global coastline from
satellite observation (red dots) and population dens-
ity (shaded, people km−2) is shown in figure 1(b).
The IndianOcean coastline is one of the hotspotswith
an increasing threat to ESL due to very high popula-
tion density (figure 1(b), shaded), where a higher rise
in ESL is seen. In addition, accelerated warming of the
Indian Ocean has the potential to increase the intens-
ity of tropical cyclones (TCs) (Knutson et al 2010,
Murakami et al 2017, Balaji et al 2018, Vellore et al
2020, Deshpande et al 2021, Swapna et al 2022) which
can exacerbate the ESL. Increasing ESL is a threat to
the Indian Ocean region as it includes many small

Islands and a vast coastline of approximately 7000 km
of India (Ingole 2005). According to the recent IPCC
AR6 report (Fox-Kemper et al 2021), ESLs that are
historically rarewill become common, andmany low-
lying cities and small islands will experience such
events annually by 2100. The non-linear interactions
between sea-level rise and waves will lead to Islands
becoming uninhabitable because of frequent damage
to infrastructure and the inability of their freshwa-
ter resources (Storlazzi et al 2018). Additionally, the
identified global ‘hotspots’ where projected signific-
ant change in episodic flooding by the end of the cen-
tury are mostly concentrated in Asia and northwest-
ern Europe (Kirezci et al 2020).

Despite our understanding of global ESL rise,
robust regional estimates of ESL and projected change
along the densely populated Indian Ocean coastline
are lacking. Previous studies on ESL changes along
the Indian Ocean coastlines are based on limited tide-
gauge (TG) observations (Woodworth and Blackman
2004, Menéndez and Woodworth 2010, Antony et al
2016). Early studies based on sea-level observa-
tions from the head Bay of Bengal reported the
intensification of ESL amplitude (Woodworth and
Blackman 2004, Menéndez and Woodworth 2010).
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Observational evidence of ESL along the Indian coast
is based on three TG stations along the east coast of
India for a short duration (Unnikrishnan et al 2004,
Antony et al 2016). Antony et al (2016) have shown
that ESL variability at selected stations along the east
coast of India at inter-annual time scale is domin-
ated by the El Niño Southern Oscillation and the
Indian Ocean Dipole. Global model and reanalysis
provide regional estimates of ESL (Muis et al 2016,
2020, Vousdoukas et al 2018). These products reveal
that the Indian Ocean ESLs have wide heterogeneity.
However, these model estimates have large uncer-
tainty along the Indian Ocean coastline due to insuf-
ficient observations.

Here, for the first time, we present a robust
regional estimate of ESL along the Indian Ocean
coastline using hourly long-term observations
from TGs distributed along the Indian Ocean
coastlines and Islands, along with high resolution
(0.25◦ × 0.25◦) daily satellite data and show that
ESLs have already become longer-lasting, more fre-
quent and intense in the IndianOcean. The study also
highlights the projected change in regional ESL over
the 21st century along the Indian Ocean coastline,
which is crucial for preparing climate change adapta-
tion policies. Our focus is on the regional estimate of
ESL and its projected change along the Indian Ocean
coastline, including small Island countries. The find-
ings from the study have important implications,
given that the Indian Ocean region is inhabited by
more than 2 billion people, representing 35% of the
world’s population.

2. Data andmethods

2.1. Data
For this study, we have used hourly sea-level data
from 33 TG stations along the Indian Ocean coast-
line and Indian Ocean Island stations. The Indian
TG data is obtained from two agencies, the SOI
(1870–2007 period) and the Indian National Centre
for Ocean Information Services (INCOIS 2010 to
present). Detailed quality control of the TG data has
been done. Since the TG data for the Indian coast
were obtained from two different sources having dif-
ferent datum, direct merging is not possible. These
data were merged by applying break-point alignment
techniques using a linear fit in sea-level time series
following Boretti (2020). This prevents the infer-
ence of incorrect trends in the total records. Quality-
controlled sea-level data for the rim countries of the
Indian Ocean and Islands were obtained from the
University ofHawaii Sea Level Center portal (UHSLC,
https://uhslc.soest.hawaii.edu/) from 1970 to 2019.

Daily satellite SLA data (0.25◦ × 0.25◦) from
CMEMS (https://marine.copernicus.eu) since 1993 is
also used. This dataset is already corrected by remov-
ing the dynamic atmospheric (DAC) or the inverse

barometer effect. Following Lobeto et al (2018), DAC
is added to the satellite-derived SLA for this study.
Glacial isostatic adjustment correction is not included
in the satellite and TG data. Monthly sea surface tem-
perature (SST) data from extended reconstructed sea
surface temperature (Huang et al 2017) for the period
1870–2020 and oceanic heat content (OHC700) for
upper 700 m depth derived from monthly temperat-
ure data from Ishii et al (2003) are used to estimate the
trends in SST and OHC. The TC data is taken from
Cyclone e-Atlas, IMD (www.imdchennai.gov.in/).

2.2. Methods
2.2.1. Percentile analysis and estimation of trends
The ESL intensity is estimated as the 99th percent-
ile of hourly sea level at each year separately follow-
ing the methodology of Menéndez and Woodworth
(2010), Woodworth and Blackman (2004), Feng et al
(2019), Marcos et al (2009). These studies have con-
sidered the annual 99th percentiles of hourly sea-level
and skew surges as the ESL and extreme skew surge,
respectively. Skew surge is the difference between the
observed highest water level and the predicted high
tide in a tidal cycle, irrespective of the difference
in timing between them. Physically it is the flood
level above the highest tide in a tidal cycle (Batstone
et al 2013, Williams et al 2016). The duration/count
(number) of ESL events for each year is estimated
from the number of times ESL values exceeded the
99th percentile threshold of the whole record.

Time series of annual 99th percentile (ESL) and
skew surges for each TG are created for trend analysis.
For estimating the trends, years with at least 75% of
data available were considered, and the trends were
estimated based on the Mann-Kendall test (Kendall
1975). To exclude the effect of the 18.6 year nodal
cycle of tides (Pugh andWoodworth 2014), only those
stations with at least 19 years of data were considered
for the trend estimates. The trends in ESL, MSL, skew
surges, and the corresponding P-values are listed in
table S1.

2.2.2. Skew surge computation
The non-tidal residual obtained fromhourly sea-level
data, after removing the tidal and MSL components,
is considered as the storm surge component (Pugh
and Woodworth 2014). The non-tidal residual often
contains a fraction of leaked tidal signals due to slight
phase shift of the predicted tide, which is known as
clock error/quasi tidal oscillation. In order to elude
the problem of clock error, skew surge is taken as the
difference between the observed highest water level
and the predicted high tide in a tidal cycle irrespect-
ive of the difference in timing between them (Batstone
et al 2013). Physically, skew surge refers to the flood
level above the highest tide in a tidal cycle. There-
fore, adding skew surge values with highest tide will
give the observed peak sea level in a tidal cycle. To
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compute skew surges, hourly sea-level data is separ-
ated into tides and non-tidal residuals for each year,
using 68 tidal constituents following Foreman (2004).
On average, there are 730 tidal cycles; hence 730 skew
surge values are obtained in a year. The observed
highest water level in a tidal cycle is subtracted from
the highest predicted tide in the same cycle, following
Mawdsley and Haigh (2016). The highest water level
in a tidal cycle may not happen at the highest tidal
phase. Thus, a surge which is skewed to the highest
tide could cause the highest water level in a tidal cycle,
hence called the skew surge. The advantage of skew
surge analysis is that it is unaffected by the clock errors
in TG data and is more robust than the classical non-
tidal residuals.

2.2.3. Extreme value analysis
As a metric of occurrence, event strength is gener-
ally expressed in terms of return periods and return
levels. Data were linearly detrended to a zero mean
relative to the local vertical datum for each station
for generating quasi-stationary time series for estim-
ating the return period and return levels of ESL and
skew surges. This time-series data is used for gener-
alized extreme value (GEV) analysis following Coles
(2001). The GEV distribution is a family of continu-
ous probability distributions developed within the
extreme value theory, which provides the statistical
framework to make inferences about the probabil-
ity of very rare or extreme events. Return period and
return level of ESL and skew surge are estimated using
the r-largest GEV fit to the sea-level data, i.e. r-largest
events (1–5) in each year with a three-day gap are fit-
ted to standard GEV distribution. The three-day gap
helps to bypass duplicating the same event and hence
avoid the overestimation of return levels. The cumu-
lative distribution function of the GEV distribution is
given by,

f(x,µ,σ,ε) = e

{
−[1+ ε−µ

σ ]
−1
ε

}

where the location (µ), scale (σ), and shape (ε) para-
meters are estimated by the method of moments
(Coles 2001) and are shown in table S2. The
Kolmogorov–Smirnov (Smirnov 1948) statistical sig-
nificance test has been done to ensure the fit.

2.2.4. Probability ratio (PR) and fraction of
attributable risk (FAR)
The PR can be interpreted as a measure of how the
number of ESL days in each year has changed w.r.t.
the whole record. Following Frölicher et al (2018), the
PR is estimated as follows

PR=
PR1

PR0
.

P1 is the probability of exceeding a relative
threshold (99th percentile) in a year, i.e. the num-
ber of days exceeding 99th percentile sea level in a
year/total number of days in that year. P0 is the prob-
ability of exceeding that threshold during the entire
period, i.e. the number of days that have exceeded the
99th percentile during the whole period/total num-
ber of days during the entire period. Thus, PR rep-
resents the relative strength of ESL in each year com-
pared to the whole record. It should be noted that
the threshold for estimating PR is a constant for P0,
whereas it can change for P1 every year. PR, which
is greater than 1, implies ESL change in that particu-
lar year is more than the local threshold in the whole
record and vice versa (the corresponding risk will be
more). This risk factor is denoted by the FAR.

The FAR for each year is computed from the PR
value as

FAR= 1− 1

PR
.

FAR values vary from 0 to 1 (or 0%–100%) if
PR ⩾ 1. If PR < 1, which means ESL change is lower
than the local threshold, then the risk is considered
zero.

3. Results

3.1. Observed increase in ESL along the Indian
Ocean coastline
We estimated the long-term trend in the intensity
and duration of ESL along the Indian Ocean coast-
line based on hourly TG observations (figure 1(c)).
Since the temporal coverage of TG data is highly vary-
ing from one TG to another, we use data from 1970 at
selected coastal locations of the IndianOcean. Statist-
ically significant trends based on Mann-Kendall test
are shown by larger symbols. The ESL trend and cor-
responding P-values are listed in table S1. It can be
seen that both ESL intensity (circles, figure 1(c)) and
duration (triangles, figure 1(c)) show a significant
increase along the IndianOcean coastline. Statistically
significant increasing trends are seen, especially along
the west coast of India, western Arabian Sea stations,
Southeast African coast and the Island stations of the
Indian Ocean. The Island stations include Male, Gan,
Diego Garcia, Pt. La Rue, Rodrigues, and Port Louis
(Shown in figure 1(c)).

ESL intensity is also estimated along the TG loc-
ations using satellite data (figure S2(a)). Satellite-
derived SLA are utilized along the TG locations where
the correlation between the two datasets is above 0.5,
within a circle of radius of 100 kmcentered to eachTG
station following the method of Lobeto et al (2018).
ESL computed from the satellite data excludes tidal
information and provides estimates based on MSL
and surges. Since sub-daily data is not available from
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satellite, the duration of ESL is not estimated. Con-
sistent with TG records, satellite data also show a sig-
nificant increase in the intensity of ESL along the
Indian Ocean coastline. Interestingly, a higher rate of
ESL increase is seen along the coastal regions of the
Arabian Sea and Island stations of the Indian Ocean
(figure S2(a)).

3.2. Spatial distribution of ESL along the Indian
Ocean coastline
The trend analysis reveals an increase in ESL along
the Indian Ocean coastline. As the ESL trend is non-
homogeneous along the Indian Ocean coastline, it
is worth analyzing the spatial variability of ESL. We
present ESL that could occur 1 in 100 year return
period (hereafter, ESL100), above theMSL for each TG
location (figure 2(a)). The details of ESL100 computa-
tion are discussed in section 2. The observed hourly
sea-level data for the period 1970–2020 were used
for the analysis. It can be noticed that the ESL100
along the IndianOcean coastline possesses larger spa-
tial heterogeneity (with a range of 0.5–4 m above
MSL). Lower return levels of ESL100 are seen along
the southern coast of India and higher values towards
the northern Arabian Sea and Bay of Bengal. For
example, ESL100 in Cochin is 0.8 m, whereas, in
Kandla, the value is 3.5 m, following the tidal range,
which increases from south to the northern coast of
India (The Indian Tide Tables. Geodetic and Research
Branch, Survey of India 1964).

In addition, the Island stations in the south-
ern Indian Ocean exhibit higher ESL100 as compared
to equatorial Indian Ocean stations. Although the
ESL100 values are smaller at island stations compared
to stations along the coastlines of India and other rim
countries, the ESL can have significant impacts in the
island regions. This is due to the fact that the area
that can inundate during an ESL event in the Island
region could be larger due to the lower coastal eleva-
tion (IPCCAR5). This is further supported by the risk
analysis presented in the subsequent section.

The return levels of ESL corresponding to differ-
ent return periods at selected TG locations on the east
and west coasts of India, Indian Ocean rim countries
and Island stations are presented in figure 2(b). The
red dots are the observed ESL, and the blue line shows
the GEV fit. The upper and lower limit (dashed line)
represents 95% confidence bounds of ESL. A one in
thousand-year return level in Chennai is comparable
to a one in a ten-year event at Paradip. Similarly, a
thousand-year event in Male in the equatorial Indian
Ocean region is comparable to a ten-year event along
Cocos Island in the southern Indian Ocean.

3.3. Mechanism contributing to increasing ESL
To understand the mechanism contributing to ESL
increase, we analyze the components that contribute
to change in ESL. The ESL and its components, MSL,

tide, and skew surge, exhibit strong seasonal variabil-
ity across different locations; higher ESL is seen dur-
ing the months of higher MSL and during the peak
storminess season (figure S3).

As MSL is considered the major contributor to
ESL increase along the global coastline (Menén-
dez and Woodworth 2010, Tebaldi et al 2021), we
analyze the long-term changes in MSL along the
Indian Ocean coastline. The Indian Ocean is warm-
ing faster than the global mean (Fox-Kemper et al
2021). The rate of increase in heat content per unit
area for the upper 700 m in the Indian Ocean
(0.28 × 108 Jm−2 decade−1) is higher than the
global mean (0.17 × 108 Jm−2 decade−1) (figure
S1(b)). Accordingly, the MSL rise is also higher in
the Indian Ocean compared to the global-MSL rise
(figure S1(c)). Previous studies (Unnikrishnan and
Shankar 2007, Unnikrishnan et al 2015, Swapna et al
2017) have shown that MSL is increasing in the north
Indian Ocean. The thermal expansion or thermos-
teric sea-level rise contributes to more than 75% of
MSL rise in the north Indian Ocean (Panickal et al
2020). The long-term trend in MSL from the TG
records shows a significant rise in MSL all along the
Indian Ocean coastline (figure 3(a)). The MSL trend
and corresponding P-values are listed in table S1.
Interestingly, a higher rate of MSL rise is seen along
the Arabian Sea coastal stations and Island stations,
where ESL also shows a significant increasing trend
(figure 1(c)).

With the accelerated warming of the Indian
Ocean (Alory and Meyers 2009, Roxy et al 2020), TC
intensity has been increasing in the Indian Ocean,
especially in the northern Indian Ocean (Balaji et al
2018, Vellore et al 2020,Deshpande et al 2021, Swapna
et al 2022). This has led to infrastructure loss and
adversely impacted the coastal community. Recently
in May 2021, the Indian Ocean witnessed unpreced-
ented consecutive severe TCs, Tauktae in the Ara-
bian Sea and Yaas in the Bay of Bengal (Cyclone e-
Atlas, IMD). The Tauktae was an extremely severe
cyclonic storm with a maximumwind speed of about
100 knots during landfall, while Yaas was a very severe
cyclonic storm with a wind speed of 75 knots during
landfall. Both of these systems have rapidly intensi-
fied and made landfall along the Indian coast, caus-
ing severe damages and fatalities. The tracks of these
TC and associated high-water level (HWL) and wind
speeds are shown (figure 3(b)).HWL is themaximum
sea level recorded in the hourly TG data when the
cyclone was closer to the TG locations (Cyclone e-
Atlas, IMD). Additionally, observed surge heights at
selected TG stations associated with these TC’s are
also shown in figure 3(b). Both the TC’s produced
HWL all along the coastline, causing coastal flood-
ing, infrastructure damage and dislocation of a lar-
ger proportion of the coastal population. This reveals
that ESL events triggered along the Indian Ocean
coastline in association with intense TC’s can lead
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Figure 2. (a) Present-day 1 in 100 year ESL (m, above MSL) along the Indian Ocean coastline using tide gauge data. (b) Return
period (year) and return levels (m) of ESL (above MSL) at selected tide gauge locations. Red dots are observed ESL, and the blue
line is the GEV fit. The dashed line shows the 95% confidence level limit of ESL.

to coastal flooding and risk along densely populated
Indian Ocean coastline.

To get insight into long-term changes in ESL asso-
ciated with an increase in the TC intensity, we estim-
ate the probability of HWL’s along theMumbai coast.
Mumbai is a unique station along the Indian Ocean
coast where more than 100 years of TG data is avail-
able and is also one of the densely populated and eco-
nomically important metropolitan-city. The probab-
ility of HWL’s associated with each TC since 1900 is
shown (figure 3(c)). The TC data is taken from India
Meteorological Department. It can be noted that the
probability of higher HWL’s (more than 2 m above
MSL) has increased in the recent six decades (1961–
2020) as compared to 1900–1960. In addition, long-
term hourly sea-level data (more than six decades)
is also available from other TG locations (Cochin,
Chennai, Visakhapatnam, Paradip). We used these
data sets to show the long-term trends in the ESL and
MSL (figure S2(b)). The results reveal a significant
rise in ESL andMSL along these TG stations. The ana-
lysis reveals that ESL events are on a rise along the
Indian Ocean coastline.

To understand the relative contributors to
increasing ESL along the Indian Ocean coastline,
we have estimated the trend in intensity of ESL,
MSL and skew surges and computed the percent-
age contributions of MSL to ESL and skew surges
to ESL (figure 3(d)). The analysis reveals that the

percentage contribution from the increasing trend in
MSL contributes to more than 75% increasing trend
in ESL, while skew surges also contribute positively
(about 20%) along the Arabian Sea coast. It can be
noted that the percentage contribution to the ESL
increase in the Bay of Bengal comes mainly from the
increase of MSL, whereas the small negative trend of
the skew surge intensity component indicate a relat-
ively smaller contributions to ESL changes along the
east coast of India and Bay of Bengal (figure 3(d)).
The departure from 100% (MSL+ skew surge trend)
contribution to ESL is considered as the residual in
the ESL trend (blue bar shown in figure 3(d)). This
could be due to changes in the tide or other non-linear
interactions. However, the residual part is found to
be small compared to MSL or skew surges. Thus, ESL
increase is contributed largely by MSL rise for sta-
tions along the Bay of Bengal and Island stations of
the Indian Ocean. However, along the coastal stations
of the Arabian Sea, both increasing skew surges and
MSL contribute to ESL rise. The estimates based on
satellite data (figure not shown) also support that
MSL rise is the primary contributor to ESL increase
in the Indian Ocean.

3.4. Increasing risk associated with ESL
Following Frölicher et al (2018), we quantified the
annual PR (the fraction by which the number of ESL
or frequency changes per year) and FAR (figure 4)
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Figure 3. (a) Annual trend in mean sea level (MSL, mm yr−1) from tide gauges since 1970. Trends at a confidence level above
(below) 90% are shown as dots (squares). (b) Observed high water level (m, marked as stars) above MSL along Indian coast
associated with cyclone Tauktae and Yaas using hourly tide gauge data. The track and the maximum sustained wind speed (kt) of
the tropical cyclones are marked as circles. Associated storm surges (m) are shown for (i) Tauktae and (ii) Yaas. (c) Probability
distribution of high water level associated with each tropical cyclone along the Mumbai coast during 1900–1960 (blue) and
1961–2021 (red) using tide gauge data. (d) Percentage contribution of the trend of various components to ESL trend from tide
gauge data.

to understand the temporal changes in ESL and
associated risk. The PR and FAR are estimated for
the coastal stations along the Arabian Sea, Bay of
Bengal and Island region of the Indian Ocean from
the satellite data (figures 4(a)–(c)) and from TGs
(figures 4(d)–(i)). Details about PR and FAR are
described in section 2. During the recent three-to-
four decades, the probability of occurrence of ESL
along the Indian Ocean coastline shows a 2–3-fold
increase, especially along the Arabian Sea stations
(figures 4(a) and (d)–(e)) and Island stations of the
Indian Ocean (figures 4(b) and (f)–(g)). Stations
along the Bay of Bengal coastline show an episodic
increase in ESL mostly associated with TC events
(figures 4(c) and (h)–(i)). The risk associated with
ESL (FAR) also shows an increase (more than 50%) in
recent decades, especially along the Arabian Sea coast
(figure 4(a)).

Along the Island stations of the Indian Ocean, the
one in hundred-year ESL values are lower (∼0.5 m
above MSL). However, a 2–3-fold increase in the PR
and FAR of ESL has been seen in recent decades
(figures 4(b) and (f)–(g)). Alarmingly, the associated
risk, as shown by FAR, has shown a sharp increase
by 50%–70% along the Island stations of the Indian

Ocean (figures 4(b) and (f)–(g)). A slight increase
in MSL can significantly augment the frequency and
intensity of flooding in these regions because of the
log-linear relationship between a flood’s height and
its recurrence interval (Pugh and Woodworth 2014).
The potential for compounding effects, like storm
surge and high MSL, is of particular concern for the
small Islands as they contribute significantly to flood
risks, as shown by the sharp increase in FAR along
Island stations of the Indian Ocean.

Considering the lower elevation of these Islands
and coastal protection facilities, the flooding expos-
ure and inundation need to be mapped in detail. Very
Severe Cyclonic Storm Ockhi caused huge damage
to the Maldives (Riyas et al 2020), and hence future
exposure to cyclones cannot be neglected and needs
systematic studies. Southern Indian Ocean Islands
like Port Louis, Rodrigues (Mauritius), and Cocos
(Australia) are faced with historic cyclonic tracks.
Thus these regions are all vulnerable to ESL risk in
multiple ways. The analysis reveals that the ESL have
already become longer-lasting, more frequent, and
more intense along the IndianOcean coastline. Island
stations of the Indian Ocean and Arabian Sea coastal
regions detect higher risk associated with ESL.
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Figure 4. Probability ratio (PR, orange bar) and fraction of attributable risk (FAR, %, blue bar) of ESL based on satellite data for
(a) the Arabian Sea, (b) Islands of the Indian Ocean, and (c) the Bay of Bengal. Based on tide gauge data for (d) Cochin (Arabian
Sea coast) and (e) Mombasa (African coast). (f) Cocos and (g) Male (Island stations). (h) Chennai and (i) Visakhapatnam (Bay of
Bengal coast). Grey shading represents data gaps in tide gauge data.

3.5. Increasing frequency of ESL with warming
There is mounting evidence that global warming
drives global MSL rise and more frequent ESLs glob-
ally. The MSL rise can also be driven by variabil-
ity arising from different modes of variability like
IPO (Zhang et al 1997), which is beyond the scope
of our present work. A preliminary analysis indic-
ates that IPO influence is seen mostly in the south-
ern and eastern Indian ocean (figure S4(a)). TheMSL
trend is found to be significant even after removing
the IPO-driven MSL trend (figures S4(b) and (c)). A
recent study by Tebaldi et al (2021) has shown that
tropical regions are more prone to ESL at increas-
ing levels of global warming. In order to understand
the changes in ESL under warming, we estimate the
actual count of ESLs along the Indian Ocean coast-
line with increasing levels of warming relative to the
preindustrial period (1850–1900). We estimate the
ESL count (hourly values exceeding the 99th per-
centile of the whole record) at 0.25 ◦C, 0.5 ◦C and
0.75 ◦C warming levels in the Indian Ocean w.r.t.
the pre-industrial period. The warming levels were
estimated by averaging the 11 year running mean of
IndianOcean SST (40◦E–100◦E and 30◦S–30◦N) and
calculating the difference w.r.t. pre-industrial period
(figure S1(d)). The mean count of ESL occurrence
over an 11 year period centered around the warm-
ing levels 0.25 ◦C (blue), 0.5 ◦C (yellow) and 0.75 ◦C

(red), which corresponds to 1975–1985, 1995–2005,
2009–2019, respectively, are estimated and is shown
in figure 5(a). Thus, the ESL count under 0.75 ◦C
warming is the mean count from 2009 to 2019 and,
respectively, for the other cases. A 75% data availab-
ility criterion has been chosen to ensure the quality
of ESL counts. At certain times, TGs at various loc-
ations may not satisfy the data availability threshold
criteria and such data points are not considered in our
analysis. We notice a 2–3-fold increase in ESL along
the Island stations of the Indian Ocean, with addi-
tional warming of 0.25 ◦C, observed between 1995
and 2019 (figure 5(a)). With a 0.25 ◦C increase in
warming level, stations along the west coast of India
show a two-fold increase, consistent with our previ-
ous analysis (figure 4). Other stations along the Ara-
bian Sea coast also show an increase in ESL with
increasing warming (figure 5(a)). The TG estimates
are supported by the satellite data (figure 5(b)) show-
ing the mean PR of ESL at 0.75 ◦C (centered at
2014) warming in the Indian Ocean w.r.t. preindus-
trial period. Here P1 is the count of days during 2009–
2019 (11 years) that exceeded the 99th percentile of
the whole record/total number of days during the
11 year period. P0 is the ratio of the total number of
ESL days exceeding the 99th percentile of the whole
record and the total number of days in the whole
record (since 1993). Higher PR of ESL events and
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Figure 5. (a) Mean count of ESL with increasing level of warming using tide gauge data. ESL is estimated for every 0.25 ◦C
warming in the Indian Ocean w.r.t. pre-industrial period (1850–1900) centered over an 11 year period. These warming levels were
observed in 1980 (0.25 ◦C, blue bar), 2000 (0.50 ◦C, yellow bar), and 2014 (0.75 ◦C, red bar), respectively. (b) Probability ratio of
ESL using satellite data with additional 0.75 ◦C warming in the Indian Ocean.

higher risk is seen in the IndianOceanwith increasing
levels of warming, especially along the Island stations
and coastal regions of the Arabian Sea, with present-
day warming of 0.75 ◦C relative to the pre-industrial
period (figure 5(b)).

3.6. Projected changes in ESL along the Indian
Ocean coastline
The ESL events have already become intense, frequent
and longer-lasting along the Indian Ocean coastline.
The percentage contribution of MSL to ESL trend
based on both TG data and satellite data shows that
MSL trend contributes to more than 75% of the
increasing trend in ESL (figure 3(d)). The focus here is
to address how the ESL events will amplify with rising
MSL along the Indian Ocean coastline. Since we can-
not estimate ESL based on availablemonthly sea-level
data from Coupled Model Intercomparison Project
Phase 6 (CMIP6) models, we have added observed

estimates of the 100 year ESL event (the extreme total
water level expected to be experienced on average
once in 100 years based on TG data) to MSL projec-
tions from CMIP6 MME, at the TG locations along
the Indian Ocean coastline to calculate future ESL100.
Values ofMSLwere obtained from the IPCCAR6pro-
jections taken from IPCC AR6 Sea Level Projection
Tool (https://sealevel.nasa.gov/data_tools/17).

Before using the IPCC AR6 projections of CMIP6
models for estimating the future changes in ESL,
we analyzed the historical sea-level simulations from
CMIP6 models to assess their fidelity in simulating
the present-day sea-level variability and trend in the
Indian Ocean. Satellite-derived monthly dynamic sea
level (DSL) is used as the observation. The sea-level
data from 26 CMIP6 models (table S3) used for the
assessment of sea-level projections in the IPCC AR6
have been utilized. Only the first realization from
each model is used to give equal weightage to all the
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Figure 6. (a) Taylor diagram, showing the skill of 26 CMIP6 models in reproducing the spatial patterns of the dominant mode of
sea-level variability (EOF1) in the Indian Ocean w.r.t. satellite-derived monthly dynamic sea level. (b) MSL trend (mm yr−1) at
selected tide gauge locations of the Indian Ocean using selected 24 CMIP6 multi-model ensemble (MME) for the period
1985–2014.

models. All the model data are re-gridded onto a uni-
form 1◦ × 1◦ grid for ease of comparison and to com-
pute the multi-model mean (MME) of these models.

The DSL derived from the model sea surface
height above the geoid (zos) by removing its time-
dependent global mean is utilized to assess the sea-
level variability. The CMIP6 DSL is evaluated using
mean ocean dynamic topography derived from satel-
lite data (www.aviso.altimetry.fr/en/home.html). The
historical simulations of CMIP6 models are used for
the last 30 year period (1985–2014) and the alti-
meter data for the period 1993–2020. The dominant

mode of sea-level variability in the Indian Ocean is
obtained based on the empirical orthogonal functions
(EOF) analysis of monthly SLAs in the Indian Ocean
for each model and observation. The pattern cor-
relation between CMIP6 models and observation of
the dominant mode of sea-level variability is shown
in figure 6. The patterns of the dominant mode of
sea-level variability in the Indian Ocean are captured
reasonably well by the CMIP6 models (figure 6(a)).
The EOF pattern from individual models is shown
in figure S5. Details of the model used and its skill
scores are listed in table S3. Except for two models
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Figure 7. Projected return period of the present day 100 year extreme sea level (ESL100,m) along the Indian Ocean coastline at
(a) 2050 is based on three shared socio-economic pathways (SSP) used in IPCC AR6. At 2100 using (b) SSP1-2.6 (c) SSP2-4.5 and
(d) SSP5-8.5 respectively.

(INM-CM4-8 and INM-CM5-0), most of the CMIP6
models exhibit more than 0.8 correlation with obser-
vation and normalized standard deviation between
0.9 and 1.1 in the IndianOcean region. All thesemod-
els (except INM-CM4-8 and INM-CM5-0) with skill
scores ofmore than 0.96 are used for assessing the sea-
level trend in the Indian Ocean.

For assessing the long-term trend inMSL, we have
used de-driftedCMIP6 sea-level data. Themodel drift
at each grid point is estimated by fitting a quad-
ratic polynomial to the full time series of the prein-
dustrial simulation (Gupta et al 2013), and the his-
torical simulation is then de-drifted by subtracting
the estimated drift from the preindustrial simula-
tion. We have utilized the de-drifted data from IPCC
archive (Fox-Kemper et al 2021). The global ocean
thermal expansion (zostoga) is added to zos and is
used for estimating the sea-level trend along the TG
locations. The MSL is averaged within a 1◦ × 1◦

grid centered on each TG station, and the trend is
estimated based on the multi-model mean (MME)
SLAs from the selected CMIP6 models for the period
1985–2014 and is shown in figure 6(b). It can be

noticed that the spatial pattern of the MSL trend
from CMIP6MME is similar to the observed pattern,
though trend values are lower compared to observed
estimates (figures 3(a) and S2 (b). Higher MSL rise is
seen along the west coast of India and Arabian Sea
coastal stations than over the eastern coast of India,
similar to the observations. A recent study byChatter-
jee and Sajidh (2022) has shown the fidelity of CMIP6
models in capturing the mean state and variability of
CMIP models in the Indian Ocean as compared to
satellite observations.

The analysis shows that CMIP6 models show
fidelity in capturing the observed variability and
trend in sea level in the Indian Ocean. These mod-
els are utilized for estimating future changes in
ESL. The MSL values for the three IPCC Shared
Socioeconomic Pathways (SSPs), SSP1-2.6, SSP2-4.5
and SSP5-8.5, are used. The MSL values under these
scenarios for 2100 and 2050 along Indian Ocean
TG locations are presented in table S4. These SSP
scenarios are chosen as SSP1-2.6 represents the low
end of the range of plausible future pathways and
depicts the ‘best case’ future from the sustainability
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perspective, SSP2-4.5 is the medium part of the
range of plausible future pathways representing
moderate-emission-mitigation-policy scenario, and
SSP5-8.5 represents the high end of plausible future
pathways with emissions high enough to produce the
8.5 W m−2 radiative forcing by 2100 (O’Neill et al
2016). We have used the 17th–83rd percentile as the
spread in sea-level projections representing the likely
range following the methodology used by IPCC AR6
Fox-Kemper et al (2021). The 17th–83rd percentile
results are interpreted as likely ranges, which refer to
a probability of at least 66% (i.e. one standard devi-
ation from the mean value).

The projected ESL100 along the Indian Ocean
coastline is shown in figure 7, utilizing the IPCC
likely range projections of MSL. The ESL expected
to be experienced one in 100 year (ESL100) histor-
ically will occur annually or less than a year by
2100 along the Indian Ocean coastline, under all
the three scenarios considered, including the low-
emission strong mitigation scenario (SSP1-2.6) as
seen from figures 7(b)–(d). It has to be noted that the
MSL projections from CMIP6 models exhibit con-
siderable inter-model spread, as seen in figure 7(a).
The results also reveal that the present ESL100 event
will occur annually along the Indian Ocean coastline
by 2050 (figure 7(a)), even under SSP2-4.5, especially
along the Arabian Sea coastline and the Indian Ocean
Islands; however, with a large inter-model spread.
Previous estimates of ESL based on model studies
have identified the Asian region as one of the hot-
spots of increasing ESL. We show that ESL100 can
occur annually along the Indian Ocean coastline by
2050 even under a moderate-emission-mitigation-
policy scenario (SSP-24.5) and by 2100 under all the
possible future trajectories of greenhouse gas emis-
sion (GHG) including the low-emission strong mit-
igation scenario (SSP1-2.6). The study highlights an
important policy-relevantmessage: strongmitigation
and adaptationmeasures are needed along the Indian
Ocean coastline as ESL100 events can occur annually
or even less than a year along the densely populated
coastline, irrespective of the future GHG emission
pathways and socio-economic conditions.

4. Summary and caveats

Increasing coastal flood risk from ESLs is one of the
major threats to the global coastline. ESL events have
been identified along the global coastline. However,
the ESL trendmap (figure 1(b)) shows that the Indian
Ocean region is one of the hotspots with the rise
in ESL, where population density is higher as com-
pared to other global regions. Despite our under-
standing of the global MSL rise (Church et al 2013,
Frederikse et al 2020) and the contributing processes,
regional estimates of ESL and its long-term changes
are limited. We present robust regional estimates of

ESL based on multiple TG records distributed all
along the Indian Ocean coastline and Islands and
also utilizing satellite-derived sea-level observations.
The study provides valuable insight into the regional
changes in ESL and its projections along the densely
populated Indian Ocean coastline, which is vital for
preparing adaptation measures.

Accelerated warming of the Indian Ocean (Alory
and Meyers 2009, Roxy et al 2020) and MSL rise
(Unnikrishnan and Shankar 2007, Unnikrishnan et al
2015, Swapna et al 2017) along with the increasing
intensity of TC (Knutson et al 2010, Murakami et al
2017, Balaji et al 2018, Vellore et al 2020, Deshpande
et al 2021, Swapna et al 2022) can exacerbate coastal
flooding by generating ESL. However, understanding
of the long-term changes in ESL and their progres-
sion in the Indian Ocean is lacking. Using hourly sea-
level observations available from multiple TG along
the Indian Ocean coastlines and Island stations and
daily satellite-derived sea-level data, we show that the
ESLs have already becomemore frequent, longer last-
ing and intense in the Indian Ocean. We detect a
2–3-fold increase in ESL and higher risk along the
Indian Ocean coastline, especially along the Arabian
Sea coastal regions and Island stations. The MSL rise
is the primary contributor to ESL increase along the
Indian Ocean coastline. The increasing intensity of
TC also contributes along the Arabian Sea coast.

Our study highlights that by the end of the cen-
tury, all of the Indian Ocean coastlines, includ-
ing Island stations, will experience the present-
day 100 year ESL event at least once a year,
even for a low emission greenhouse gas trajectory
(figures 7(b)–(d)). It has to be noted that the MSL
projections from CMIP6 models exhibit consider-
able inter-model spread, as seen in figure 7(a). We
find that most of the locations along the Arabian
Sea coast and equatorial Islands in the Indian Ocean
will experience present-day 100 year ESL annually by
2050, even under the moderate-emission-mitigation-
policy scenario (figure 7(a)). Results from the study
caution against the projected increase in ESL and
show that the Indian Ocean coastal regions are under
increasing risk of coastal flooding by the increasing
intensity and frequency of ESL.

The limitation of the study arises from the limited
long-term (more than 50 years) observations with
higher spatial coverage along the Indian Ocean coast-
line. This limits our study in understanding century-
scale changes in ESL. The ESL in our study con-
sidered the still water level only (i.e. a combination
of MSL, tide and surge). The effect of waves is not
included in the study. The MSL projections in the
study are based on the CMIP6 models with consid-
erable intermodal spread. Despite these caveats, our
study provides robust regional estimates of histor-
ical ESL and its projections along the Indian Ocean
coastline, where long-term ESL and MSL estimates
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are lacking.Our study highlights increasing ESL along
the Indian Ocean coastline and has important policy
and practical implications. Increasing ESL along the
IndianOcean coastline urge for raising flood defences
along densely populated coastal regions of developing
countries and Islands of the Indian Ocean.
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