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Abstract

The south Indian Ocean has shown an unprecedented sea-level rise during the early 21st Century. Sea-level rise in the south
Indian Ocean is found to be 37% quicker than the global mean sea-level during 2000-2015. Observational datasets and long-
term proxy records identify Pacific origin of the south Indian Ocean sea-level rise. Our results indicate that co-evolution of
the cold phase of Pacific decadal oscillation (PDO) and prolonged La Niiia-like condition enhances the equatorial Pacific
easterlies. Stronger in-phase association of these major Pacific climate modes and equatorial Pacific easterlies enhances the
Indonesian throughflow (ITF), transporting fresh and warm water anomalies from western tropical Pacific into the south
Indian Ocean. As a result, south Indian Ocean sea-level rise has accelerated more than the global, with 40% contribution
from the halosteric sea level primarily through the ITF transport and a secondary from the local processes during 2000-2015.
The co-evolution of PDO and the south Indian Ocean sea level is also evident from the long-term proxy records indicating
that the association is part of an internal mode of variability modulated on decadal time-scales. The finding from the study
cautions that accelerated heat and freshwater intrusion from the western Pacific with the co-evolution of PDO and La Nifia-
like condition may lead to the accelerated sea-level rise and marine heat waves in the south Indian Ocean imposing threats
to the life of coral reefs and marine ecosystems.

Keywords South Indian Ocean sea-level rise - Pacific decadal oscillation - La Nifa - Indonesian Throughflow - Marine eco-
system

1 Introduction (Bindoff et al. 2007; Woodworth and Player 2003), sea-level
variability, as well as trends, differs from region to region.

The Oceans have absorbed about 93% of the excess heat ~ The Indian Ocean sea level has shown a distinct spatial pat-

due to anthropogenic global warming during the past half-
century (Rhein et al. 2013). The excess heat and melting
of continental ice sheets have contributed to the global
mean sea-level rise of about 3.3 +0.5 mm year™! during
1993-2015 (Chen et al. 2017; Legeais et al. 2018; Nerem
et al. 2018). However, sea-level rise is not globally uniform
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tern with a substantial increase in the north (Han et al. 2010;
Srinivasu et al. 2017; Swapna et al. 2017; Thompson et al.
2016) and south of 20°S (Fig. la, b). Sea-level rise in the
north Indian Ocean is 3.3 mm year™! during 1993-2015,
similar to the global mean sea-level rise (Swapna et al.
2017). Interestingly, the south Indian Ocean has shown
an accelerated sea-level rise of about 5.2 mm year™! that
is 37% quicker than the global mean sea-level rise during
2000-2015 (Fig. 1c). However, the contributing factors for
the accelerated sea-level rise in the south Indian Ocean are
poorly described and understood.

South Indian Ocean has received considerable attention
with the identification of global warming “hiatus” (England
et al. 2014; Meehl et al. 2011). Moreover, the transport of
the heat from the western Pacific into the south Indian Ocean
during the hiatus period was identified as the dominant
mechanism for the slowdown of global warming temperature
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Fig. 1 The spatial map of Man-Kandall trend of sea-level anamolies
(mm year‘l) from a Aviso (1993-2017), and b ORAS4 (1960-2017).
The regions at a 90% significance level are shaded. Time series of
annual mean sea-level anomalies (mm) from ¢ Aviso averaged over
the north Indian Ocean (blue curve; S0°E-110°E, 5°S-25°N), south
Indian Ocean (red curve; S0°E-110°E, 20°S-30°S) and global mean

(Dong and McPhaden 2016; Lee et al. 2015; Liu et al. 2016).
In addition to modulating global temperature, excess heat
transport has resulted in increasing intensity of marine heat
waves (Oliver et al. 2018) in the south Indian Ocean caus-
ing widespread mass coral bleaching events, threatening the
integrity and functional diversity of coral reefs (Zinke et al.
2015; Feng et al. 2015a). Concomitantly, the south Indian
Ocean also has shown an accelerated sea-level rise. It has
been observed that the south Indian Ocean sea-level rise is
much higher than the global mean sea level during the same
period (Fig. 1). It remains unclear whether the enhanced
sea-level rise in the south Indian Ocean is forced solely by
the heat transport from the Pacific, hence we aim to clarify
the possible contributing factors for such an accelerated sea-
level rise in the south Indian Ocean.

Recently, many studies have demonstrated the role of
Indonesian Throughflow (ITF) into the Indian Ocean,
driven by enhanced trades associated with the negative
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(black curve); the error bars are based on one standard deviation are
shown for the global and south Indian Ocean mean sea level with
respective colors, d ORAS4 averaged over the south Indian Ocean
(shaded curve) and global mean (black curve). The study region
(50°E-110°E, 20°S-30°S) is highlighted by a rectangle in a, and b

phase of Pacific decadal oscillation (PDO), in regulating
the heat budget during the recent hiatus (Lee et al. 2015;
Nieves et al. 2015). More recently, a study by Dong and
McPhaden (2016) also identified a remote influence of the
Pacific through increase ITF in the Indian Ocean. While Li
et al. (2017) have shown that strengthening of the Pacific
trade winds and the ITF associated with the negative phase
of the interdecadal Pacific oscillation (IPO) has resulted in
the warming of the southeast Indian Ocean by the enhanced
heat transport from the western Pacific into the south Indian
Ocean. The heat transport mechanism and warming in the
southeast Indian Ocean have been discussed by many of the
recent studies (Li et al. 2018; Zhang et al. 2018). The study
by Llovel and Lee (2015) discussed the sea-level rise in the
south Indian Ocean during 2005-2015 forced by the fresh-
water transport resulting from the enhanced precipitation
over the maritime continent region, with additional contri-
bution from the western tropical Pacific. While Feng et al.
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(2015b) have reported the existence of freshwater anomalies
in the ITF. However, it is intriguing to note that sea-level
rise in the south Indian Ocean has been accelerating since
2000, but maritime continent precipitation might have any
significant role prior to this period. Most of the previous
studies either discussed the tropical south Indian Ocean
sea-level rise driven by wind-driven linear ocean dynamics
associated with local and remote contributions (Schwarzkopf
and Boning 2011; Nidheesh et al. 2013; Trenary and Han
2013; Han et al. 2014; Li and Han 2015; Qu et al. 2019)
or heat contribution from the western Pacific to the south
Indian Ocean. Therefore, the sea-level rise in the south
Indian Ocean, which is much higher than the global mean
needs a better understanding of the large-scale forcing as
well detailed analysis of various contributors to the mean
sea-level through a sea-level budget analysis, which has been
lacking in the Indian Ocean.

Sea-level budget analysis can provide more insight into
the contributors to sea-level rise. Several previous studies
have addressed the global sea-level budget over different
time-scales using different datasets (Chambers et al. 2017,
Dieng et al. 2017; Dong and Zhou 2013; Landerer et al.
2007; WCRP Global Sea Level Budget Group 2018). The
global mean sea-level is a combination of ocean volume
change associated with thermal expansion (thermosteric),
salinity changes (halosteric) and change in the mass of the
ocean due to the melting of continental ice and filling of
continental reservoirs (eustatic). The global sea-level budget
estimates indicate that global mean steric trends contributed
to 1.38+0.16 mm year™' compared with a total trend of
2.74 +0.58 mm year~! during the period 20022014 (Riet-
broek et al. 2016). However, estimation of a regional sea-
level budget is complicated, the dominant components of
regional sea-level budget exhibit large regional variability
(Rietbroek et al. 2016). Regionally, sea level can be altered
by long-term changes in wind stress, atmospheric pressure,
and changes in heat and freshwater fluxes at the ocean sur-
face and boundaries (Dangendorf et al. 2014). For example,
the north Indian Ocean sea-level rise is dominated by the
thermosteric changes (Thompson et al. 2016) and is mainly
driven by the changes in the summer monsoon circulation
(Swapna et al. 2017). Therefore, understanding the accel-
erated sea-level rise in the south Indian Ocean demands
a detailed sea-level budget analysis, which has not been
explored before.

This study presents regional sea-level budget analysis
and identifies dominant contributors to the accelerated sea-
level rise in the south Indian Ocean during the recent global
warming hiatus period. The novelty of the work is that we
are establishing for the first time, the significant role of
freshwater intrusion from the western Pacific in rising the
sea level in the south Indian Ocean during the recent global
warming hiatus. The study highlights the role of the western

Pacific in modulating both temperature and salinity in the
south Indian Ocean and thus the sea-level rise, along with
a contribution from the local processes. Additionally, for
the first time, we are presenting Pacific teleconnection to
the south Indian Ocean sea level using proxy records. We
also address whether the south Indian Ocean sea-level vari-
ability is part of an internal mode of variability modulated
on decadal time-scales. The remaining paper is structured
as follows. Section 2 describes observational, reanalysis,
proxy datasets, and methodology used in the study. Section 3
presents the regional sea-level budget in the south Indian
Ocean and the mechanism for the enhanced sea-level rise.
Long-term coral records revealing the role of the internal
mode of variability to the southern Indian Ocean sea level
are discussed in Sect. 4. Summary and conclusion are pre-
sented in Sect. 5.

2 Data sets and methodology
2.1 Observations and proxy records

Prior to 1993, sea-level rise estimates relied on the tide
gauge measurements. Here, we use available long-term
(more than 30 years) tide gauge records in the south Indian
Ocean, obtained from the archives of Permanent Service for
Mean Sea Level (PSMSL; Woodworth and Player 2003).
The Satellite-derived sea-level anomaly from the Archiv-
ing, Validation, and Interpretation of Satellite Oceano-
graphic (Aviso; Ducet et al. 2000) cover the period Janu-
ary 1993-December 2017. This sea-level dataset is based
on TOPEX/Poseidon, Jason-1 and Jason-2 for the global
domain.

To quantify the steric sea-level (SSL) variations resulting
from temperature and salinity, we have considered different
reanalysis and gridded Argo datasets. These datasets are as
follows.

ORAS4 (Balmaseda et al. 2013) available as monthly
temperature, salinity and sea surface height field for the
period of 1958-2017, Ishii et al. (2017) updated version 7.2
for the period of 1955-2017, EN4 (Good et al. 2013) version
4.2.0 available for 1900-2017, high resolution (0.25 x 0.25)
ECCO2 reanalysis (Menemenlis et al. 2008) for the period
of 1992-2018, and NOAA (Levitus et al. 2012). The NOAA
data are available as yearly and 5-year running means
SSL anomalies from the surface to 2000 m depth during
1950-2016. Additionally, the Ocean surface currents from
ORAS4 for the same period have been utilized.

After 2005, sufficient Argo floats are available to com-
pute SSL anomalies. For this study, we utilize three dif-
ferent gridded Argo products of temperature and salinity
down to 2000 m depth at monthly intervals. They are the
Japan Agency for Marine-Earth Science and Technology
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(JAMSTEC; Hosoda et al. 2008), CSIO (BOA), and the
International Pacific Research Centre (IPRC). The pre-
cipitation from the Global Precipitation Climatology Pro-
ject (GPCP; Adler et al. 2003) and evaporation from Era-
interim (Berrisford et al. 2009) during 1979-2017, Met
Office Hadley Centre Sea-level Pressure (HadSLP2; Allan
and Ansell 2006) and surface winds from the National
Centres for Environmental Prediction (NCEP; Kistler
et al. 2001) during 1950-2017 are used. Additionally, the
surface wind product from ERA-Interim (Berrisford et al.
2009), Quickscat (Fore et al. 2014) during 1979-2017
and 1999-2009, respectively, and Tropflux wind stress
and net surface heat flux (Praveen Kumar et al. 2012) dur-
ing 1979-2017 has been utilized. Additionally, we use
monthly outputs of net surface heat flux from the objec-
tively analyzed air-sea fluxes (OAFlux; Yu et al. 2008),
NCEP and ERA-interim. Different climate mode indices
used are; the Pacific decadal oscillation (PDO, http://www.
esrl.noaa.gov/psd/data/correlation/pdo.data), interdecadal
Pacific oscillation (IPO, https://www.esrl.noaa.gov/psd/
data/timseries/IPOTPI/tpi.timseries.ersstv5.filt.data), and
Oceanic Nifio (ONI, https://www.esrl.noaa.gov/psd/data/
correlation/oni.data) Index.

The proxy records of sea-level reconstruction during
1795-2010 derived from Houtman Abrolhos Island Sr/Ca,
Oxygen Isotopes (Zinke et al. 2015) and PDO reconstruc-
tion based on Ogasawara Coral Winter Sr/Ca and U/Ca
for the period of 1873—-1994 (Felis et al. 2010). The mean
annual cycle is removed by subtracting the climatological
mean for each month. The analyses presented in the study
are based on annual mean quantities.

2.2 Methodology and standard equations

Steric sea level and components: The steric, thermos-
teric and halosteric sea level are computed over the upper
2000 m of the ocean following standard methods, such as
detailed in Swapna et al. (2017)

ermosteric T 1 r T T T I
hermost (r)=n(r)—p—ZdZLp(G,S,p)—p(B,S,pM
0
steric r 1 r roQr I
n* (T)=n(T)—p—ZdzLp(G,S,p)—p(G,S,p)J )
0

nhalosleriC(T) — n(,rr) _ pl Z dz Lp(er’ S, pr) _ p(@r, S, pr)J ,
0

where, nthermosteric() jg the thermosteric sea level at a time
(), similarly n*(t) and n"3l°steric() are steric and halos-
teric sea level at a time (t). Variables with an “r’* superscript
refer to reference state values so that n(t") is the sea level
at the reference state, p, is a globally constant Boussinesq
reference density, 0 is the potential temperature of seawater,

S is the salinity and p pressure. We choose the upper 2000 m
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as this depth range corresponds to that with the most avail-
able observational data.

Sea-level budget equation: The mean sea-level change is a
function of time t and is usually expressed by the sea-level
budget equation as below

MSL (t) = MSL (t)steric + MSL (t)mass + RS’ 2)

where MSL (t) is the total sea level, MSL (t) 1S the steric
component of sea level in the upper 2000 m, and MSL (t) .«
is the ocean mass component of sea level. The residual is
expressed as Rq. The residual may be due to the mass added
through the Throughflow.

Ekman transport: The estimates of meridional Ekman
transport (Mg, ) which is primarily contributed by the zonal
component of wind stress which is estimated by following
standard method detailed in Sprintall and Liu (2005)

1 [*
Mg, = _ﬁ /x Thdx, (3)

W

where t* is the zonal wind stress, p,, is the average water den-
sity over the upper layer (assumed constant at 1025 kg m ™),
and f is the Coriolis parameter, x, and x,, are the locations
of eastern and western boundaries, respectively. x. is 115°E
and x,, is 131°E in the analysis.

Similarly, the thermosteric and halosteric components of
ITF transport are estimated following the method by Hu and
Sprintall (2017)

gHA,
Q}\, = )
26, po
ITF =Q, — Q> “4)

where g is gravity acceleration, f, is the Coriolis parameter
at latitude A, H is the penetration depth that approximately
equals the sill depth of ITF (set to be 1200 m), p,, is the ref-
erence density at 1200 m, and Ap is the density difference
between the (9°S-15°S, 100°E-120°E), where the ITF exits
into the Indian Ocean, and (6°S—6°N, 80°E-100°E) the
region of denser water in the eastern equatorial Indian Ocean.
Ax = 10°S (Northern), and Aq = 16°S (Sothern) boundary lat-
itudes. The thermal and halosteric ITF transport are, respec-
tively defined as ITF;=ITF (T, S) and ITFg=ITF (T, S)
where T and S are climatological temperature and salinity.

To quantify the relative contributions of ITF; and ITFg
to ITF, we calculate the percentage of absolute values (P;)
of ITF; and ITF; relative to the total variation following the
method of Hu and Sprintall (2017)

_ [ITF;|
[ITE;|+[ITFg| + [ITFy|

x 100%, 5)

i
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where ‘i’ is T or S, ITFy the residual term equals
ITF —ITF—ITFg. We have also estimated the uncertainty in
SSL and SSH. The detailed methodology for the uncertainty
estimates is discussed in supporting information eqn. (S1)

3 Results

3.1 Observed sea-level rise in the south Indian
Ocean

The south Indian Ocean is bounded by the African coast to
the west and by Sumatra, Java, and the Western Australian
coast to the east and connects to the Southern Ocean to the
south. It receives approximately 15 million m® s~! of water
flow from the Pacific Ocean through the Indonesian seas
(Gordon et al. 2010) known as ITF. The majority of ITF
flows westward across the Indian Ocean in the south equa-
torial current (Qu et al. 2005; Zhou et al. 2008) and feeds
upwelling in the thermocline ridge region of the subtropi-
cal cell and some directly flow southward along the west
coast of Australia in the Leeuwin current. The interannual
to decadal variations in the south Indian Ocean is mainly
dominated by the variability of large-scale atmospheric cir-
culations over the Pacific through the ITF transport (Feng
et al. 2011; Schwarzkopf and Boning 2011; Wijffels and
Meyers 2004).

To understand the sea-level variability in the south Indian
Ocean, we estimate the spatial trend of sea-level anomalies
from the Aviso and ORAS4 for the period of 1993-2017
and 1960-2017, respectively. The Mann—Kendall signifi-
cance trends at a 90% confidence level (Mann 1945; Ken-
dall 1975) are shaded in Fig. 1a, b. The spatial pattern of
sea-level anomalies in the Indian Ocean from both the
products shows a significant rise in the north as well as
the south Indian Ocean with the unprecedented rise in the
south Indian Ocean. Further, to understand the time evo-
lution of mean sea-level anomalies we averaged satellite-
derived annual mean anomalies (Fig. 1c) over the global,
north (50°E-110°E; 5°S-25°N) and south Indian Ocean
(50°E~110°E; 20°S-30°S). This reveals an accelerated sea-
level rise of about 5.2 mm year‘1 in the south Indian Ocean,
which is 37% quicker than the global mean sea-level during
the satellite period. Further, long-term sea-level anomalies
from ORAS4 (shaded curve; Fig. 1d) also show an acceler-
ated sea-level rise in the south Indian Ocean since 2000,
which is more than the global mean (black curve), and a
similar rise is also seen in the Aviso data (Fig. 1c¢). Simi-
larly, the accelerated sea-level rise in the south Indian Ocean
can also be seen from the spatial trend of multiple data sets
including Argo data (Fig. S1). This confirms the robustness
of the south Indian Ocean sea-level rise seen in various
datasets. As the sea-level rise has accelerated since 2000,

we have performed a sea-level budget analysis in the south
Indian Ocean to understand the contributors to the enhanced
sea-level rise.

3.2 Sea-level budget in the south Indian Ocean

As sea-level rise is highly non-uniform and exhibits large
regional variation, it is important to understand major con-
tributors to regional sea-level rise. With the availability of
satellite data, great progress has been achieved in under-
standing individual components of the sea level at global
as well as regional scales (Church and White 2011; Rhein
et al. 2013). It has been observed that various contributions
to the sea level vary from region to region and they also
differ significantly compared to the global mean sea level.
It is very likely that the regional sea level is dominated by
steric component while the global sea level is mostly due to
water mass added to the oceans (Bindoff et al. 2007). To help
quantify the dominant contributors to the sea-level rise in
the south Indian Ocean, we assess the sea-level budget from
ORAS4 since it provides means sea level, temperature, and
salinity profiles. Additionally, we have also used observa-
tional datasets, i.e., Argo data to assess the steric component
of sea level and Aviso sea level for the available period to
understand the sea-level budget based on observations. The
sea-level budget is performed by following Eq. (2) with SSL
computed for upper 2000 m and the results are presented
with an error bar of one standard deviation.

The various contributors to the budget of sea-level change
in the south Indian Ocean from ORAS4 are shown in Fig. 2a.
Time-series of mean sea-level (black curve) anomalies in
the south Indian Ocean closely follow the SSL (red curve;
Fig. 2a). The difference between mean sea level and SSL
anomalies is found to be small, but not negligible (Fig. 2a;
yellow dash curve). The residual may be due to the mass
added through the Throughflow. This indicates that the sea-
level rise in the south Indian Ocean is dominated by the
SSL, which is a combination of thermosteric and halosteric
components. Further, the time series of sea level and SSL
show an acceleration since 2000 along with the acceleration
of both thermosteric and halosteric components (Fig. 2a).
This instigates us to verify possible contributions from ther-
mosteric and halosteric components for the long-term period
1960-2015 and also for the recent period 2000-2015. Mean
sea level is a combination of steric, mass and the residual.
The residual term is found to be small and is considered
together with the ocean mass change, expressed as the differ-
ence between mean sea level and SSL. Notably, SSL in the
south Indian Ocean has the maximal contribution with 56%
from thermosteric and 26% from halosteric components,
respectively during 1960-2015 (Fig. 2¢). Interestingly, the
halosteric contribution has increased considerably (40%)
during 2000-2015 (Fig. 2d).
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(a) Sea level Budget (ORAS4)

(b) Sea level Budget (Argo and Aviso)
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Fig.2 Time series of components of the sea-level budget (mm) for
the upper 2000 m, over the southern Indian Ocean (50°E-110°E,
20°S-30°S) from a reanalysis (ORAS4), b observations (Argo and
Aviso). The error bars based on one standards deviation are shown for

We also performed the sea-level budget analysis using
satellite-altimetry and Argo for better assessment using
observations. Based on the common period of availabil-
ity of Argo and Aviso data, the budget is performed for
the period of 2005-2015 in the upper 2000 m. The Argo
steric components used here are based on the ensemble
mean of different Argo products mentioned in Sect. 2.1.
Similar to ORAS4, the time series of SSL from the
ensemble mean of Argo closely follow the mean sea-level
from Aviso and thermosteric and halosteric components
show an acceleration in the south Indian Ocean (Fig. 2b).
The percentage contribution based on Argo and Aviso
(Fig. 2e) accounts the thermosteric contribution of 42%
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B Residual

mean sea level. The percentage contribution of various components
from ¢ ORAS4 (1960-2015), d ORAS4 (2000-2015), and e Argo and
Aviso (2005-2015)

and halosteric contribution of 40% similar to the estimates
from the ORAS4. Difference between the mean sea-level
and SSL is 18% from observations (Aviso and Argo) and
19% from ORAS4 for the recent period. The acceleration
of the halosteric sea-level as evident from the increased
percentage contribution from both ORAS4 and observa-
tions are more than the error, indicating the robustness of
the halosteric induced south Indian Ocean sea-level rise
in the recent decades. This implies that an enhanced fresh-
water signal in the south Indian Ocean has an important
role in accelerating the sea-level rise during 2000-2015.
Before analyzing the source of this freshwater signal, we
assess the uncertainty in the data sets used for the analysis.
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3.2.1 Uncertainty analysis of steric and mean sea level

Since steric sea level is the dominant contributor to the sea-
level rise in the south Indian Ocean, we briefly present the
robustness of steric and mean sea level datasets used for
the study. We have estimated the agreement ratio of SSL
from three different reanalysis products for their common
available period 1960-2015 (datasets mentioned in Sect. 2).
The mathematical formulation for the estimation of agree-
ment ratio is detailed in supporting information. Figure
S2a reveals that the agreement ratio between different SSL
datasets is less than one, indicating that the spread between
the data sets is smaller than the amplitude of ensemble
variability, thus showing better agreement between differ-
ent SSL datasets. Figure S2b displays the zonal distribu-
tion of the agreement ratio averaged over the study region
(20°S-30°S) in the south Indian Ocean. This ratio is less
than one indicating that the spread between the products
in the south Indian Ocean is very small. Since the mean

(a) Mean sea level

sea level data is available from ORAS4 and Aviso, we have
estimated the spread between these two datasets based on
the common period 1993-2015, shown in Figure S2c. The
spread between Aviso and ORAS4 datasets is also less than
one. Better agreement between these two data sets may be
due to the fact that ORAS4 is assimilating the Aviso sea
level. Further, the time evolution of sea-level anomalies from
Aviso and ORAS4 with a common base period (1993-2015)
is in good agreement (Fig. 3a). The accelerated sea-level
rise in the recent decades, especially post-2000 can be noted
from ORAS4 mean sea level (black curve), similar to the
Aviso (red curve). The ORAS4 error bars are based on one
standard deviation (Fig. 3a, shaded).

Time- series of steric sea level in the south Indian
Ocean from ORAS4 (blue curve), Ishii (red curve), EN4
(light green curve), and NOAA (purple curve) indicate
increase sea-level during last two decades and are also
within the spread (Fig. 3b). The error bars in Fig. 3b are
estimated based on one standard deviation (+ 15). Though

(b) Steric sea level
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Fig.3 Time series of annual mean anomalies (mm) in the south
Indian Ocean (50°E-110°E, 20°S-30°S) of a mean sea level, b steric
sea level, and c sea level from tide gauges. The error bars based on

one standard deviation (shaded) are shown for ORAS4. The location
of the tide-gauge stations marked by a circle with the same colours
are shown in Fig. la
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the SSL time-series from ORAS4 shows higher values
but is within the uncertainty limit. Thus, different data-
sets used for the analysis are within the uncertainty limit
and agrees well in the south Indian Ocean. Additionally,
mean sea-level variability is dominated by SSL indicating
that the sea-level rise in the south Indian Ocean is indeed
dominated by the steric component.

In order to support the sea-level variability seen in
the reanalysis and satellite-derived datasets, we ana-
lyze available tide gauge records namely Rodrigues Is
(63.4°E, 19.6°S), Pointe des galets (55.28°E, 20.93°S) and
Port Louis (57.5°E, 20.15°S) in the south Indian Ocean
(Fig. 3c). The locations of the tide-gauge stations are
marked in Fig. 1a. Since the data have gaps, we consider
only tide gauges with a minimum of 30 years of continu-
ous records for the most recent period. The time series of
annual mean sea-level anomalies from the tide gauges in
the south Indian Ocean reveals a gradual increase since
2000 similar to the reanalysis and satellite data.

(a) Heat content (I0)

1990 2000 2010

Year

1980

(b) Heat content (PO)

3.3 Co-evolution of heat and salinity changes
in the Indo-Pacific region

In this section, we investigate how the steric sea-level rise
in the south Indian Ocean is associated with the changes
in the Pacific. Previous studies (Han et al. 2014; Nidheesh
et al. 2013; Schwarzkopf and Boning 2011; Trenary and Han
2013) have shown the role of remote Pacific variability on
the south Indian Ocean. A growing body of research claims
that the Pacific variability can impact the south Indian Ocean
sea level through ITF, which transports heat and freshwater
from the western Pacific into the south Indian Ocean (Lee
and Mcphaden 2008). To help identify the Pacific contribu-
tion, we first analyze heat content and salinity anomalies in
the south Indian Ocean and the Pacific Ocean.

The time-longitude Hovmoller diagram of the heat con-
tent anomalies for the upper 2000 m in the equatorial Pacific
(10°S—10°N) and the south Indian Ocean (20°S-30°S) are
shown in Fig. 4. The zonal wind anomalies averaged over
the equatorial Pacific are contoured in Fig. 4b and the time

(c) Zonal wind anomalies
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60°E 100°E 1

160°E
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Fig.4 The time-longitude map of heat content anomalies (shaded,
10° J m™?) for the upper 2000 m averaged over a 20°S—30°S in the
Indian Ocean and b 10°S—10°N in the Pacific. Contour in b are zonal
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wind anomalies averaged over 5°S—5°N. ¢ Zonal wind anomalies
averaged over western equatorial Pacific (140°E-180°E, 5°S-5°N)
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evolution of zonal wind anomalies in the equatorial Pacific
are also shown (Fig. 4c). We can notice the co-occurrence
of heat content anomalies in the western Pacific and the
southern Indian Ocean through the Indonesian seas, sug-
gesting an oceanic connection between the Indo-Pacific
regions (Fig. 4a, b). Stronger anomalous easterlies persist
over the equatorial Pacific since 2000 (Fig. 4b; contours),
leading to an anomalous build-up of heat and positive heat
content anomalies in the western equatorial Pacific. During
the same period, positive heat content anomalies are seen in
the southern Indian Ocean (Fig. 4a). It can be also noted that
heat content anomalies in the western Pacific were positive
during 1960-1976 associated with the cold phase of PDO.
During the cold phase of PDO, sea surface temperature
anomalies exhibit a horseshoe pattern with warming west-
ern equatorial Pacific and vice versa during the warm phase
(Mantua et al. 1997). However, equatorial Pacific easterly
wind anomalies were weak (Fig. 4c, d) and thus positive heat
content anomalies were not propagated in the Indian Ocean.

Apart from temperature, salinity also affects seawater
density and thus sea level. Hence, it is inevitable to verify
the co-evolution of salinity in the Indo-Pacific region; we

(a) Salinity (10)

(b) salinity (P0)

analyzed the time-longitude map of annual mean salinity
anomalies for the upper 150 m (Fig. 5a, b). The annual mean
salinity anomalies show anomalously high salinity water
in the western Pacific and the southeastern Indian Ocean
during 1960-1976 and all along the southern Indian Ocean
during 1977-1999 (Fig. 5). Interestingly, these high salinity
waters are replaced by anomalously low salinity water that is
freshening can be seen both in the western Pacific and south
Indian Ocean post-2000 period (Fig. 5a). These freshwater
anomalies from western Pacific can intrude into the south
Indian Ocean through oceanic pathways as discussed by Hu
and Sprintall (2016). In fact, a strong linkage between the
western Pacific and south Indian Ocean freshening is seen in
recent decades, more details are presented in the subsequent
sections.

It is also interesting to know how deep this freshwater
signal can penetrate. Therefore, we analyzed a vertical
profile of salinity anomalies in the south Indian Ocean
(Fig. 5¢). We notice that salinity anomalies in the south
Indian Ocean show freshening from the surface to 150 m
during the period of 2000-2015. The enhanced freshening
in the south Indian Ocean in the upper 150 m is also seen

(c)Salinity (10)
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Fig.5 The time-longitude map of salinity anomalies for the upper 150 m (shaded; PSU) averaged over a 20°S—30°S in the Indian Ocean and b
10°S—10°N in the Pacific; and ¢ mean salinity (PSU) profile averaged over south Indian Ocean (50°E-110°E, 20°S-30°S)
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from the salinity trends (Fig. S3) from observed and rea-
nalysis datasets during 2000-2015. Thus, the co-evolution
of heat and salinity anomalies in the south Indian Ocean
and western Pacific implies strong association of western
Pacific on the south Indian Ocean variability.

3.4 Pacific modulation to the south Indian Ocean
sea-level rise

Further, to emphasize the role of the Pacific Ocean in
determining the south Indian Ocean sea-level variability
we analyzed dominant climate modes in the Pacific. PDO
and El Nifio Southern Oscillation (ENSO) (Bjerknes 1969;
Mantua et al. 1997; Neelin et al. 1998; Jadhav et al. 2015)
are the dominant modes of variability in the Pacific. Gen-
erally, El Nifio is likely to be stronger when the PDO is in
a positive phase and vice versa (Gershunov and Barnett
1998). We analyze the time-evolution of normalized (nor-
malize with their standard deviation) PDO (red curve),
ONI (black curve), IPO (light green curve) index and area-
averaged zonal wind anomalies over the western equatorial
Pacific (140°E-180°E, 5°S—5°N; blue curve) (Fig. 6a). A
study by Han et al. (2014) has shown that IPO can be
considered as a basin-wide signature of PDO and they are
highly correlated (r=0.88). Hence, we have shown the
IPO index along with the PDO index and we can see that
the warm/cold phases of PDO match very well with IPO.
We focus on the co-evolution of PDO and ENSO and asso-
ciated changes in western Pacific trade winds. A strong
phase correspondence between the warm (cold) phase
of PDO and ENSO with anomalous equatorial Pacific
westerlies (easterlies) can be seen from Fig. 6a. During
2000-2015, when sea level (contributed from higher heat
content and freshwater) was higher in the south Indian
Ocean, cold phase of the PDO and prolonged La Nifia-
like condition persisted in the Pacific which strengthened
anomalous easterlies over the western equatorial Pacific
(Fig. 6a).

To further explore the contribution from enhanced heat
and freshwater transport associated with strengthened east-
erlies over the western Pacific to the south Indian Ocean sea-
level rise, we analyzed the spatial trend of SSL anomalies
during 2000-2015. The SSL anomalies show a significant
sea-level rise in the western equatorial Pacific and in the
south Indian Ocean (Fig. 6b). The patterns of SSL trends
(Fig. 6b) are consistent with those of mean sea-level trends
shown in Fig. 1a. Though the Pacific forcing through ITF is
important in modulating the south Indian Ocean sea level, it
is also important to understand the role of local contribution.
In order to understand the local vs. remote contribution, we
have analyzed the various component of heat and salinity
budget in the south Indian Ocean.
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3.5 Local versus remote contribution to the south
Indian Ocean sea level

In order to understand the contribution of ITF and local pro-
cesses, analysis of different components of heat and salinity
budget (detailed in supplementary section B) is performed.
We analyzed the spatial trends in temperature and salinity
advection (Fig. 6¢, d; shaded) to understand the heat and
salinity transport across the southern Indian Ocean during
2000-2015. The trend maps show anomalous horizontal
advection of temperature and salinity which may be associ-
ated with heat and freshwater advection from western Pacific
into the south Indian Ocean. While the trends in surface
currents (Fig. 6¢, d; vector) show enhancement of west-
ward flowing south equatorial current (SEC) south of 17°S
in the south Indian Ocean and is consistent with the study
by Backeberg et al. (2012) who discussed the enhancement
of westward SEC in response to intensified westerly winds
over the south Indian Ocean. Thus, SEC helps to transport
anomalously warm and freshwater water from the western
tropical Pacific into the south Indian Ocean.

Though oceanic pathways through ITF is the primary
contributor to the heat and salinity advection in the south
Indian Ocean, the transport across other boundaries such as
western boundary and Aghulas transport, and transport from
the north Indian Ocean though cross-equatorial cell, may
also play an important role in the heat and salinity budget
in the south Indian Ocean. In the east, Leeuwin current car-
ries warm water poleward along the west coast of Australia,
driven by meridional pressure gradient set up by the ITF
(Narayanasetti et al. 2016). While a large portion of the ITF
transport eventually joins the Aghulas current which is pri-
marily forced by wind stress curl in the subtropical south
Indian Ocean (De Ruijter et al. 1982). In order to understand
the contribution of transport across different boundaries of
the south Indian Ocean and local processes, we estimated the
heat and salinity advection across the boundaries following
Zhang et al. (2018) (detailed in supplementary section B).

The heat and salinity advection in the upper 700 m of the
control volume in the south Indian Ocean and along three
cross-sections across 110°E (eastern boundary, contribution
from ITF advection), 5°S (northern boundary, contribution
from the cross-equatorial cell) and 30°S (southern bound-
ary, contribution from Agulhas leakage) are estimated and
are shown for the recent cold (2000-2015) minus warm
(1977-1999) phase of PDO. The estimates are presented in
Table 1. We can see that the heat advection across 110°E,
i.e. ITF heat advection, has notable warming contribution
(2.17x 1072 °C year'l) to the south Indian Ocean heat
budget. The heat advection across the southern boundary
(-1.23%x1072°C year™!) remove heat from the south Indian
Ocean and a notable decrease in heat advection is seen
across the northern boundary (—0.025x 1072 °C year™!).
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Table 1 The average difference in heat and salinity budget advective
processes across individual boundaries

Heat advection
(1072 °C year"l)

Cross-section Salinity advection

(1072 PSU year‘l)

110°E 2.17 —0.35%
5°S —-0.025 0.27
30°S -1.23 —0.14%

*Negative sign in salinity advection represents the freshwater trans-
port

The weakening of the cross-equatorial heat transport from
the north Indian Ocean in recent decades was also reported
by Swapna et al. (2017). Overall the upper south Indian
Ocean gains heat during the recent cold phase of PDO with
primary contribution from the ITF heat advection.

We have also estimated salinity advection across the
boundaries (mentioned above) of the south Indian Ocean.
Similar to heat advection, the advection through ITF has a
dominant (—0.35x 1072 PSU year‘l) contribution for fresh-
water transport into the south Indian Ocean (Table 1). We
also estimated the percentage contribution of each of the
terms of the budget based on eqn. S2 and eqn. S3. It can
be seen that freshwater advection contributes to 66% and
heat advection contributes to 55% of total salinity and heat
budget in the south Indian Ocean.

We know that apart from ITF advected heat and freshwa-
ter, salinity variations can also be due to the local processes
like changes in regional river runoff, local atmospheric
forcing such as Ekman pumping and surface freshwater
flux (evaporation minus precipitation; E —P) while local
heat variation can be due to the changes in net surface heat
fluxes. Since there are no major rivers discharges in the rim
of the south Indian Ocean, we neglect the possible contribu-
tion from river runoff. The local contribution to freshening
is evaluated by analyzing the trend in surface freshwater
flux (E — P) for the same period (Fig. 6e). The trend in local
freshwater forcing (E — P) in the south Indian Ocean show
positive values and contributed to 21% of freshening along
with Ekman pumping. The freshwater fluxes in the west-
ern Pacific show negative trends indicating that the western
Pacific may be the major source of freshening in the south
Indian Ocean. Similarly, contribution from local Ekman
pumping (Fig. S4) and net surface heat fluxes (Fig. S5)
together contributes to about 28% of the total heat budget.
It has to be noted that the net surface heat fluxes from differ-
ent products have large uncertainties (Fig. S5e).

During 2000-2015, prolonged La Nifia-like condition and
cold phase of PDO shift the convection to the western tropi-
cal Pacific resulting in anomalous precipitation and fresh-
ening in the western tropical Pacific including the maritime
continent. These freshwater anomalies along with the heat
are transported to the south Indian Ocean mainly through the
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oceanic pathways in the maritime continent and impact the
sea level. The enhancement of heat and freshwater intrusion
through ITF is discussed in the subsequent section.

3.6 Variability of Indonesian throughflow
and south Indian Ocean sea level

The source of heat and freshwater advection and Pacific
modulation to the south Indian Ocean sea level is evident
from the previous section. Hence, it is very much important
to understand the pathway connecting the Pacific to the south
Indian Ocean. Studies have documented that the Pacific vari-
ability is transported to the south Indian Ocean through ITF
which transports fresh and warm Pacific waters to the Indian
Ocean (Hu and Sprintall 2016). These fresh and warm water
generally spreads westwards by the advection and diffusion
within the south equatorial current (Gordon and Fine 1996).
According to modern observations and ITF-related modeling
studies, the modern ITF is dominated by ENSO variabil-
ity and climate mean state over the Tropical Pacific (Feng
et al. 2017; Mayer et al. 2014; Sprintall et al. 2014). The
ITF from the tropical Pacific into the Indian Ocean via the
Indonesian seas results in an interocean transport of about 15
Sverdrup and is thought to play an important role in deter-
mining the spatial structure of heat and salinity distribution
in the Pacific and Indian Oceans (Hu and Sprintall 2016; Lee
et al. 2015; Sprintall et al. 2009, 2014). It was also shown
that about 36 + 7% of the total interannual variability of ITF
transport is attributed due to salinity effect.

To understand the ITF variability and its association to
the south Indian Ocean sea level, we estimate the Ekman
volume transport through Indonesian archipelago as well
as thermosteric and halosteric components of ITF transport
from ORAS4 and Argo. The Ekman transport is calcu-
lated along Nusa Tengarra transect (that is X,=115°E and
X,,=131°E) which capture the flow that exits through Lom-
bok (Lbk), Ombai (Omb), and Timor (Tim) passages into
the south Indian Ocean. The transport through major pas-
sages like Lombok, Ombai, and Timor contribute to the ITF.
The time-series of Ekman volume transport estimated using
Eq. (3) from multiple datasets (ERA-interim, Tropflux, and
Quickscat) show, an increased southward transport (negative
values) since 2000 (Fig. 7a) indicating an increased in the
volume transport through ITF.

On annual and longer time scales, the ITF is driven
by the large-scale pressure difference between the Pacific
and Indian Ocean basins (Wyrtki 1987) and by the
enhanced easterlies over the western Pacific. The spatial
trend in sea-level pressure anomalies shows increased
pressure gradient between the western Pacific and south-
ern Indian Ocean (Fig. S6a). Similarly, the time evolu-
tion of sea-level pressure anomaly between western
Pacific (140°E~160°E, 5°S—5°N) and south Indian Ocean
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Fig.7 Time series of annual mean a Ekma voluem transport (1SV
= 107%) computed from different wind product along the Indone-
sian archipelago (115°E-131°E, 6.12°S-7.875°S). Total ITF (black
curve), thermosteric component of ITF (ITF, red curve) and halos-

(80°E-115°E, 20°S-30°S) also show an enhancement
of the pressure gradient (Fig. S6b; red curve) indicating
an enhancement of ITF transport. The strengthening of
anomalous equatorial Pacific easterlies (blue curve; Fig.

teric component of ITF (ITFg, blue curve) from b ORAS4, ¢ Argo
and d SODA. The percentage contribution of various contribution to
ITF from e ORAS4 (1960-1999), f ORAS4 (2000-2013), and g Argo
(2005-2013), h ECCO2 (2000-2013)

S6b) can also be seen during 2000-2015. Strengthened
easterly trade winds associated with the co-occurrence of
the cold phase of PDO and La Nifia-like events resulted
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in an anomalously strong Pacific—Indian Ocean pressure
gradient, contributing to an increase in ITF.

Further to elaborate the Pacific heat and salinity con-
tributions to the south Indian Ocean sea level through
enhanced ITF transport, we estimate the thermosteric
(ITFp) and halosteric (ITFg) components as well as total
ITF transport using Eq. (4) following the approach of Hu
and Sprintall (2016). The ITF transport estimated based
on density criteria (Fig. 7b; black curve) firmly mimics the
Ekman volume flux along the transect of the Indonesian
archipelago from ORAS4 as well as Argo data. We have
additionally used a high resolution (1/12°) ECCO2 data for

(a) Western Pacific Ocean

better assessment of ITF variability. The sign of the trans-
port such that positive values indicate transport into the
south Indian Ocean (Fig. 7b—d). Increasing ITF transport
along with enhanced halosteric contribution (blue curve)
can be clearly seen in all the three datasets (Fig. 7b—d).
Additionally, we have estimated the percentage contribu-
tion of thermosteric and halosteric components of ITF to
total ITF by estimating the percentage of absolute values
(P;) of ITF and ITFg relative to the total variation based
on Eq. (5) from ORAS4 (Fig. 7e, f), Argo (Fig. 7g), and
ECCO2 (Fig. 7h) data. A good agreement between the
ITF; and ITFg from Argo, ECCO2, and ORAS4 can be
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Fig.8 Time series of annual mean a temperature (red curve, °C),
salinity (blue curve, PSU) and precipitation (green curve, mm day™')
in the western Pacific, and b temperature (red curve, °C), salin-
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ity (blue curve, PSU), sea level (black curve, mm) and E—P (green
curve, m) in the south Indian Ocean (50°E-110°E, 20°S-30°S). The
E — P curve is scaled by a factor 2 and shown in b
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seen from Fig. 7e-h. The ITFg from Argo, ECCO2, and
ORAS4 are 56%, 51%, and 53%, respectively and ITF; is
41%, 46%, and 43%, respectively. Interestingly, the per-
centage contribution of ITF is dominated by the halos-
teric component than the thermosteric component in all
the three products. The halosteric contribution to ITF has
increased to 53% as compared to 29% during the previ-
ous period (1960-1999) in ORAS4. This confirms that the
sea-level rise in the south Indian Ocean in recent decades
is indeed dominated by the freshwater intrusion from the
Pacific freshwater intrusion through ITF has increased
during 2000-2015 and this along with enhanced ITF has
resulted in the sea-level rise in the south Indian Ocean.
As a result of enhanced ITF, the south Indian Ocean
temperature and sea-level show an increase while salinity
shows a decrease since 2000 (Fig. 8b). While annual mean
freshwater forcing from local contribution (E —P) does not
show a significant trend indicating that the contribution from
local air-sea fluxes is secondary (Fig. 8b; green dash curve).
Concomitantly, anomalous freshening in the western tropi-
cal Pacific with an increase in precipitation and a decrease

Fig.9 The time series of annual (a) Observations

in salinity can be seen in Fig. 8a. The high salinity is seen
in the western Pacific before 1980s gradually decreases as
precipitation increase over the western tropical Pacific. The
increase in precipitation may be one of the factors contribut-
ing to freshening in the western Pacific since the 1980s. The
anomalously fresher water from the western tropical Pacific
being transported into the south Indian Ocean through the
enhanced ITF transport during 2000-2013, which contrib-
utes significantly to the halosteric sea-level rise in the south
Indian Ocean.

In summary, sea-level rise in the southern Indian Ocean
has accelerated due to enhanced halosteric sea-level rise
modulated by Pacific variability. The stronger in-phase asso-
ciation of major Pacific climate modes, PDO and La Nifia-
like condition enhances the equatorial Pacific easterly winds
which in-turn enhances the ITF and transport anomalously
fresh and warm water from the western tropical Pacific into
the south Indian Ocean. As a result, south Indian Ocean
sea-level rise has accelerated more than the global, with 40%
contribution from the halosteric sea level primarily through
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the ITF transport and a secondary contribution from the
local processes during 2000-2015.

4 Evidence from long-term proxy records
to the south Indian Ocean sea-level
variability

We have seen that the south Indian Ocean sea-level vari-
ations are closely associated with the phases of PDO and
ENSO. Therefore, it will be interesting to know whether
such variability is a part of the internal mode of variability
modulated on the multi-decadal timescale. To achieve this,
we present a long-term proxy record of sea-level and PDO
reconstruction (details are in Sect. 2). These proxy records
are used to support our finding that sea-level rise in the south
Indian Ocean has co-evolved with the cold phases of PDO
is also evident from the long-term proxy records. Enhanced
freshwater contribution to the south Indian Ocean sea level
is seen only during the recent cold PDO phase and there are
no proxy salinity records available during the recent decades
to support the influence of salinity on the south Indian Ocean
sea-level rise.

Time evolution of long-term proxy record of PDO
matches well with the observed time series, especially in
capturing the cold and warm phases of PDO (Fig. 9a, b;
blue curve). Long-term proxy sea-level anomalies (Fig. 9b;
red curve) from the south-eastern Indian Ocean reveals a
good association with PDO phases with high sea level in the
south Indian Ocean during cold PDO phases and vice versa.
These indicate that the association between the PDO and
south Indian Ocean sea level is seen over a period of time.
Further, to confirm the co-evolution, we have performed a
cross-spectral analysis of the south Indian Ocean proxy sea
level with the PDO (Fig. 10). The significance at a 90% (blue
curve) and 95% confidence level (red curve) is shown for the
variance spectra. The time interval used for a cross-spectral
analysis between the south Indian Ocean sea level and PDO
index is during 1795-1991. To identify common trends and
features related to internal climate variability we compare
sea level records from the south Indian Ocean with the PDO
index from proxy records. Further, it is found that the south
Indian Ocean sea-level records are coherent with the PDO
index at a period centered at 12.5-16 years (Fig. 10c). These
results reveal that the south Indian Ocean sea-level variabil-
ity is majorly modulated by the Pacific variability and the
association is part of the internal mode of variability modu-
lated on decadal time-scales. The time series and coherence
are shown in Fig. 10 are for the overlapping period. Addi-
tionally, we have shown the time-series of PDO and sea level
for the available period in Fig. S7.

The detailed mechanism of south Indian Ocean sea-level
rise is synthesized in the schematic shown in Fig. 11.
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5 Conclusions and implications

Indian Ocean region is heavily populated, comprises of
many low-lying islands and coastal zones, and is highly
rich in marine eco-system. Sea level in the Indian Ocean
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Fig. 11 Schematic diagram showing the mechanism responsible for
the accelerated sea-level rise in the south Indian Ocean during the
twenty-first century. TSL denotes thermosteric sea level and HSL,

has shown a distinct spatial pattern with an increase in the
north (Srinivasu et al. 2017; Swapna et al. 2017; Thompson
et al. 2016) and a substantial increase in the south Indian
Ocean, south of 20°S (Fig. 1a, b). The south Indian Ocean
sea-level rise is about 5.2 mm year™! during 2000-2015,
which is 37% quicker than the global mean sea-level rise.
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Recent studies have highlighted the intrusion of heat from
the western Pacific into the south Indian Ocean resulting in
global warming hiatus. The intrusion of heat during warm-
ing hiatus has resulted in mass coral bleaching events in the
south Indian Ocean (Zinke et al. 2015; Feng et al. 2015a,
b). Though the warming hiatus and its implications have
been studied extensively, the accelerated sea-level rise in the
south Indian Ocean and the contributing mechanism remains
unknown.

In the present study, we used long-term tide gauge records,
satellite, Argo, and reanalysis datasets to delineate the mech-
anism and identify contributing terms for the accelerated
sea-level rise in the south Indian Ocean. Our results reveal
Pacific modulation with enhanced freshwater intrusion from
the Pacific through the ITF is the primary contributor to the
sea-level rise in the south Indian Ocean. While the role of other
processes, such as surface air-sea heat fluxes and local fresh-
water forcing along with changes in Ekman pumping has a sec-
ondary contribution to south Indian Ocean sea-level rise. Pro-
longed La Nifia-like condition and cold phase of PDO enhance
the equatorial Pacific easterlies, which in-turn enhances the
ITF. Increased ITF transports fresh and warm water from the
Pacific into the south Indian Ocean. As a result, the south
Indian Ocean sea-level rise has accelerated 37% more than
the global, with a 40% contribution from the halosteric sea-
level during 2000-2015. The Long-term proxy records reveal
internal mode variability in modulating south Indian Ocean
sea level. The findings from the study caution possibilities of
heat and freshwater intrusion from the Pacific, which may lead
to extreme marine heat waves and cause the vulnerability of
coral reefs and the marine ecosystem.
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