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Abstract

The low-lying and densely populated Southeast Asia (SEA) region is threatened by sea-level change. To better understand
the mechanism of sea-level change in this region, the sea-level trends and variability in the SEA region are investigated
over the historical period 1950-2014 and during 2015-2099 under Shared Socio-economic Pathway5-8.5 scenario forcing,
based on the output of the high-resolution (~0.1° for ocean) global climate model MPI-ESM-ER. The results confirm that
the SEA sterodynamic sea level and its components (i.e., thermosteric, halosteric, and manometric sea level) are rising
with accelerations, which are superimposed on El Nifio-Southern Oscillation (ENSO) driven variabilities. To understand
changes of thermosteric and halosteric sea level, regional-mean ocean heat and freshwater contents are analysed based
on physical processes of ocean transports and air-sea fluxes. We show that ENSO variability impacts the thermosteric sea
level mainly through lateral ocean heat transports, while it impacts the halosteric sea level mainly through surface fresh-
water flux. In the projection, a decreased volume transport of the relatively cold water (with respect to the SEA average)
from the Pacific warms the SEA region. At the same time, a freshening of the transported saline water (with respect to
the SEA average) results in an increased ocean freshwater transport into the SEA region. Locally, the pathway of volume
transport from the Pacific to the SEA region is shifting northward, which results in a weakened Indonesian throughflow
and an enhanced South China Sea throughflow, both leading to changes of regional sea-level pattern.

Keywords Southeast Asia - Sea Level - Ocean Heat Content - Ocean Freshwater Content - El Nifio-Southern
Oscillation - Indonesian throughflow

1 Introduction

The Southeast Asia (SEA) region, including the South China
Sea (SCS) and the Indonesian Throughflow (ITF), contains
the largest archipelago globally and maintains one of the
most diverse and active ecosystems in the world. Consid-
ering the situation of this low-lying archipelago, there is a
great concern regarding future sea-level change as both the
ecological diversity and human wellbeing of the SEA are
threatened by more frequent flooding and enhanced erosion
under climate change conditions (Cazenave and Cozan-
net 2014; Wetzel et al. 2013). A better quantification of the
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projected sea-level change (trend and variability) and an
improved understanding of the underlaying mechanisms are
therefore important for adaptation planning of the coastal
communities in the SEA region.

As the only low-latitude passage connecting the Pacific
and Indian Ocean, the SEA region plays an important role in
the global climate system. For example, the ITF is a key part
of the global ocean conveyor belt (e.g., Sun and Thomp-
son 2020), transporting a large volume of warm and fresh
Pacific water (approximately 15 Sv (10° m?® s~'); Sprintall
et al. 2009; Gordon et al. 2010) into the Indian Ocean.
Local circulation changes may influence the SEA ocean
heat and freshwater content budgets and further affect sea-
level change. Previous studies analyzed the projected ITF
changes (e.g., Gupta et al. 2016; Gupta et al. 2021) and vari-
ability (e.g., Shilimkar et al. 2022), but seldom mentioned
the impact of circulation changes on sea level in the SEA
region.
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During the altimetry era (1993-2020), the observed linear
trend of the SEA sea level rise is 3.8 + 1.1 mm yr~!, which is
higher than the linear trend of global mean sea level rise of
3.1+0.4 mm yr~! over the same period (Ablain et al. 2019),
based on the altimetry product from the Archiving, Valida-
tion and Interpretation of Satellite Oceanographic (AVISO).
However, Strassburg et al. (2015) point out that the SEA
sea-level trends based on the two-decade long altimetry data
set is dominated by a contribution (roughly 3.5 mm yr~!
with spatial differences) from the Pacific Decadal Oscilla-
tion (PDO). This highlights that estimates of regional sea-
level trends are considerably affected by natural variability.
In addition, some studies (e.g., Rong et al. 2007; Liu et al.
2011) find that the sea-level variability in the SCS is highly
correlated with the El Nifio-Southern Oscillation (ENSO).
For basin scale, a large fraction of sea-level variance in the
Indo-Pacific region can be explained by combining ENSO,
PDO and linear trends simultancously based on multiple
variable linear regression (Zhang and Church 2012; Frank-
combe et al. 2015). However, in any case, the physical pro-
cesses determining how the SEA sea level is influenced by
natural variability through ocean transports or surface fluxes
are not well understood.

The projected long-term changes of sea level under dif-
ferent emission scenarios have been investigated in previ-
ous studies based on global climate models (GCMs) (e.g.,
Slangen et al. 2014; Zhang et al. 2014; Lyu et al. 2020; Fox-
Kemper et al. 2021). However, most of the work focuses
on large-scale (basin or globe) patterns, mainly because the
adopted low resolution GCMs (typically 100 km or more
in the ocean component) are still not adequate for small-
scale (e.g., marginal seas) sea level studies, especially for
archipelagic regions with complex coastlines and topog-
raphy like the SEA. Lee et al. (2010) demonstrate that a
resolution of 18 km is necessary to resolve the processes of
signal propagation through the passages to yield agreement
with the intra annual variability of the ITF measurements.
Therefore, the projected sea-level trends and its variability
in the SEA region have not been fully assessed in a high-
resolution model yet.

In this paper, we investigate sea-level trends and variabil-
ity in the SEA region based on the earth system model MPI-
ESM-ER, which features a high-resolution (0.1°) ocean
model (Gutjahr et al. 2019), evaluating contributions from
the ocean transports and the air-sea fluxes. The remainder
of this manuscript is organized as follows. The model and
methods are introduced in Sect. 2. In Sect. 3 we first show
spatial patterns of projected sea-level change in the SEA
and the surrounding oceans, then we focus on the sea-level
trends and variability in the SEA region, and its connec-
tion to ENSO variability. In Sect. 4 we analyze mecha-
nisms of sea-level trends and variability by investigating
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contributions from ocean lateral (ocean transports) and sur-
face (air-sea fluxes) boundaries, respectively. A discussion
and final comments follow in Sect. 5.

2 Model and method
2.1 MPI-ESM-ER and the study domain

The data used in this paper are obtained from the simulations
of the Max Planck Institute for Meteorology Earth System
Model 1.2 (MPI-ESM1.2; Mauritsen et al. 2019), which
couples the atmosphere, ocean and land modules through
exchange of energy, momentum, water and carbon dioxide.
MPI-ESM1.2 is available in several configurations with
different resolutions of atmosphere and ocean models and
different complexity of integrated processes. MPI-ESM1.2
simulations contributed to the sixth phase of the Coupled
Model Intercomparison Project (CMIP6) (e.g., Wieners et
al. 2019 for MPI-ESM-LR; Miiller 2018 for MPI-ESM-
HR; Gutjahr et al. 2019 for MPI-ESM-ER), among which
MPI-ESM-ER is the model with the finest resolution in the
ocean (about 6-11 km) and approximately 100 km for the
atmosphere. At this resolution in the ocean model, eddies
are resolved over large parts of the ocean, hence it is named
as ER (eddy-rich). Wickramage et al. (2023) present the
sensitivity of sea-level projections to ocean spatial resolu-
tion based on MPI-ESM-LR, HR and ER results, indicating
the MPI-ESM-ER produced more reliable sea-level changes
especially in the eddy active regions like the western Pacific.

Following the High-Resolution Model Intercompari-
son Project protocol (Haarsma et al. 2016), the historical
simulation of MPI-ESM-ER covers 1950 to 2014, while
the projection runs from 2015 to 2099 (called future period
hereafter) under the Shared Socio-economic Pathway (SSP)
5-8.5 (more details in Gutjahr et al. 2019). To keep the con-
sistency in presenting the changes from the historical period
to the future, the combined period 1950 to 2099 is analyzed
together in this work. Our study domain (92°E-142°E,
15°S-24°N) is centered on the SEA region, including
parts of the western Pacific and the eastern Indian Ocean
(Fig. 1). The SEA region is defined as the area enclosed by
14 straits/channels (hereafter all called straits) (Fig. 1) with
their specific longitudes and latitudes listed in the supple-
mental material (Table S1). The SEA region roughly can
be subdivided by the Borneo Island into the SCS and the
ITF regions. The change of ITF transport could be roughly
estimated by the volume transport changes through Straits
No. 4-5 (ITF inflow from the Pacific) and Straits No. 11-12
(ITF outflow to the Indian Ocean), which account for most
of the ITF transport (Sprintall et al. 2009).
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Fig. 1 Southeast Asia (SEA)
study region and its bathymetry
(m). The SEA region is enclosed
by 14 straits/channels indicated
by dashed lines and numbers. The
arrows near the strait numbers
indicate the directions of the
long-term averaged volume
transports (1950-2014). As the
volume transports through Straits
No. 8 and 9 are much weaker
than the others, their directions 8°N[ -
are not presented. The straits
indicated by red (blue) num-
bers and arrows are the most
important inflows (outflows),
which are discussed in Sect. 4.3.
The westward velocity averaged
between the two red lines are
used to measure the meridional
variation of the volume transport 8°s
from the Pacific to the SEA

region (Sect. 4.4)

24°N ;

00

2.2 Model de-drifting and estimation

Considering the long-term simulations could be contami-
nated by model drift owing to a disequilibrium ocean state,
we subtract the drift from the historical and scenario simula-
tions, which is obtained from the control simulation carried
out with fixed forcing of the 1950s climatology (Gutjahr
et al. 2019). Different variables can show different drift
behavior (Gupta et al. 2013). Therefore, linear regression
is applied for dynamic sea level (DSL) and global mean
thermosteric sea level (TSSL) de-drifting, while quadratic
regression is applied for ocean temperature and salinity de-
drifting before obtaining regional steric sea level.

After de-drifting, the historical sea-level variability of the
MPI-ESM-ER simulation in the study region is evaluated
against the altimeter product AVISO for the period of 1993—
2020. An Empirical Orthogonal Functions (EOF) analysis
is applied to the AVISO sea level anomaly (SLA) and MPI-
ESM-ER DSL after removing their own global means and
seasonal cycles (results in the supplemental material Fig.
S1). The spatial patterns of their first modes are very similar
(pattern correlation of 0.84; pattern root mean square devia-
tion of 0.03 m) with a strong signal in the western Pacific.
Both principal components of the first modes (PC1) show
high correlations with the corresponding Nifio 3.4 indexes
(0.69 between AVISO SLA and Nifio 3.4 index from Had-
ley Centre Sea Ice and Sea Surface Temperature data set
(Rayner et al. 2003); 0.86 between MPI-ESM-ER DSL and
its Nifio 3.4 index), which is used to represent the ENSO
variability (Trenberth 1997). The Nifio 3.4 index is defined
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as sea surface temperature (SST) anomalies within [5°N-
5°S, 170°W-120°W] after removing the global mean SST.
This result illustrates that the MPI-ESM-ER simulates sea-
level variability in the study region well by representing
realistic spatial pattern and by capturing natural variability.

To estimate the capability of the strait transport simula-
tion within the SEA region in MPI-ESM-ER, the simulated
transports are compared with the observed ITF transports
from the International Nusantara Stratification and Trans-
port (INSTANT) program (Gordon et al. 2010). The com-
parison within the five straits (listed in the supplemental
material Table S2) shows that the model underestimates
the ITF (11-Sv simulated result with respect to the 15-Sv
observed total ITF transport; Gordon et al. 2010).

2.3 Ocean heat and freshwater transports
computation

To understand sea-level changes caused by ocean tempera-
ture and salinity anomalies, ocean heat and freshwater trans-
ports through SEA straits are involved during the analysis.
The calculation of ocean heat transport (OHT) through a
section with depth /' adopts a modified scheme following
Lee et al. (2004) by involving the time-dependent volume-
averaged temperature of the SEA region T},,c4,,

H
OHT = pcpﬂo V o (T — Tean) dzdz, (1)
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in which £¢ is the volumetric heat capacity (4*10° J
K~! m~? in MPI-ESM-ER), V is the velocity normal to a
cross section, 7' is the temperature at the section, dz and
dz indicate integrating along the depth and width of the
section, respectively. By including the temperature anomaly
(T — Tynean), this OHT identifies the relative heat contribu-
tion to the study domain. This modified scheme has been
widely applied in ocean heat content (OHC) budget studies
(e.g., Zhang and McPhaden 2010; Thompson et al. 2016).

The ocean freshwater transport (FWT) used in ocean
freshwater content (FWC) budget was defined in previous
FWC studies as,

H S-S
FWT = [[ Ve 5, dedo )

(e.g., Rabe et al. 2011; Ko6hl and Serra 2014), in which S is
the salinity at the section, and Sy; is the reference salinity.
Here, we adjust this definition following the same strategy
as the modified OHT definition, yielding

H Smean - S
FWT = ([ Ve 5 dede 3)

where S,cq, 18 the time-dependent volume-averaged salin-
ity of the SEA region, and S,y is defined as the long-term
mean (1950-2099) of S,,cqn (a constant of 34.5 psu). The
modified FWT (Eq. 3) distinguishes whether individual
transports contribute to freshening or salinification of
the SEA region, based on the salinity difference from the
regional mean (S;,cqn — S).

Hereafter, all the OHT (FWT) are estimated relative to
the regional mean temperature (salinity) of the SEA region
following Eq. 1 (Eq. 3). Specifically, positive OHT (FWT)
means heating (freshening) the SEA, while negative OHT
(FWT) cools (salinizes) the SEA region. Similarly, positive
(negative) volume transport indicates increasing (decreas-
ing) water volume in the SEA region.

Both the OHT and FWT integrated within the depth
range H can be decomposed into the contributions from
time-mean ocean properties (temperature or salinity) }
, time-mean velocity 3, and their respective anomalies |’
and ¢/ (Kohl and Serra 2014),

Fypw = ffffzdzdr = JJ:I <}17 + } vl +f’v’> dzdz, @)

where Fi/ denotes the OHT or FWT. Since the product
of the two time-independent values ¢;, is a constant, and
the product of the two anomalies f'v’ is found to contrib-
ute little to the total flux Fi/., only the changes due to the
changes of temperature (or freshwater) f'¢ and velocity
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}UI are presented and compared with the total transport
during analysis (Sect. 4). To present the projected changes
relative to the historical period, the anomaly (/ and f') are
defined with respect to the historical mean (1950-2014).

3 Sea-level trends and variability in the SEA
region

Firstly, to provide the basic knowledge of sea-level change
in the study domain, the spatial patterns of projected sea-
level change in the SEA region and its surrounding oceans
are presented (Fig. 2). The differences between the aver-
ages of the last two decades during the future (2080-2099)
and historical (1995-2014) periods are used to present the
projected regional sea-level changes. The sum of regional
DSL (relative to global mean) and global mean TSSL is
sterodynamic sea level (SDSL; Gregory et al. 2019), which
can be decomposed into regional TSSL, halosteric sea level
(HSSL), and manometric sea level (MMSL) (Gregory et al.
2019):

Regional SDSL = Regional DSL + Global mean TSSL 5
= Regional TSSL + Regional HSSL + Regional MMSL. ( )

The DSL changes are closely related to upper ocean current
changes through the geostrophic balance. In the western
Pacific and around the Luzon Strait (Strait No.2 in Fig. 1),
the DSL increases on the northern side and decreases on the
southern side (Fig. 2a), indicating larger volume intrusion
into the SCS, and an anti-clockwise circulation anomaly,
which is also reflected in the DSL changes in the SCS (low
sea-level center). These DSL and current changes are con-
sistent with a previous dynamical downscaling study based
on CMIP5 models (Jin et al. 2021). For the Indian Ocean
part, there is a negative sea-level center west of the Sumatra
Island (north of Strait No.13 in Fig. 1) showing the increas-
ing outflow through the Sunda Strait (Strait No.13) from the
SEA region to the Indian Ocean.

The TSSL change is positive over the entire study
domain, with larger change in the Indian Ocean than that in
the Pacific (Fig. 2b). However, the HSSL change has oppo-
site signs in the Pacific and Indian Ocean (Fig. 2c). These
changes of TSSL and HSSL are connected to regional ocean
heat and freshwater content changes, which are modulated
by ocean transport and air-sea flux together (further dis-
cussed in Sect. 4). Considering the regional mean over the
study domain, the TSSL change (12.2 c¢m) is the main con-
tributor to the SDSL change (20.0 cm), much larger than the
contribution from the HSSL (2.5 cm). On the other hand, the
TSSL change in the study domain (12.2 cm) is smaller than
the global mean TSSL change (20.3 cm), which is caused
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by the broad shallow continental shelves in the SEA region.
The MMSL change (also called mass sea level component
and equivalent to ocean bottom pressure; e.g., Wu et al.
2017) is associated with ocean mass redistribution. The pat-
tern of MMSL change almost reflects the pattern of bathym-
etry (pattern correlation of -0.82), showing more water
flows into the continental shelves from open ocean leading
to 5.3 cm regional mean sea level rise (Fig. 2d). With the
same density anomaly, the deep region shows larger steric
sea level anomaly (namely water volume change caused by
density variation) compared with that in the shallow region,
and the larger steric anomaly is spread over the entire ocean
surface leading to positive bottom pressure change on the
continental shelves (Landerer et al. 2007).

To illustrate how ocean model resolution affects sea-
level projections in the SEA region, the results from MPI-
ESM-LR are also presented as a comparison (Fig. 2e-h),
whose ocean resolution is roughly 150 km. DSL changes
in MPI-ESM-LR share similar spatial patterns and the
same regional mean with MPI-ESM-ER, but with weaker
sea-level gradient (Fig. 2e). MPI-ESM-LR presents 3.2 cm
larger regional-mean TSSL change than that in MPI-ESM-
ER, mainly induced by more significant thermal expansion
in the western Pacific and eastern Indian Ocean (Fig. 2f).
Since the salinization in the eastern Indian Ocean is miss-
ing in MPI-ESM-LR, its HSSL change is larger than that
in MPI-ESM-ER (with regional mean change of 1.5 cm;
Fig. 2g). However, different from TSSL and HSSL changes,
the MMSL in MPI-ESM-LR shows smaller change (with
regional mean change of 1.3 cm) than that in MPI-ESM-ER.
As MMSL change signals cover mostly shallow regions, the

MPI-ESM-LR

100°E 120°E 140°E 100°E 120°E

Fig. 2 Projected changes of (a) Dynamic Sea Level (DSL; cm; rela-
tive to global mean), (b) thermosteric sea level (TSSL; cm), (c) halo-
steric sea level (HSSL; cm), and (d) manometric sea level (MMSL;
cm) between two mean states of 2080-2099 and 1995-2014 based
on MPI-ESM-ER results. (e)-(h) are the same as (a)-(d) but based on

140°E

difference is caused by the missing ocean points in MPI-
ESM-LR (Fig. 2h).

After presenting the spatial patterns of sea-level change
in the study domain, we further extract the dominant spa-
tiotemporal information of sea-level change. Therefore, an
EOF analysis is also applied for the SDSL after removing the
seasonal cycle during the whole historical and future periods
(1950-2099). Recalling that the western Pacific is deeply
affected by natural variability like ENSO (as demonstrated
by the evaluation result above; Fig. S1), the EOF analysis is
applied specifically for the SEA region to eliminate any influ-
ence from the Pacific and Indian Ocean on the analysis. The
resulting EOF first mode (EOF1) shows spatially coherent
sea-level changes with the strongest signals in shallow regions
(Fig. 3a). Since the global mean thermal expansion is included
in the SDSL, the PC1 reveals an accelerated trend over 1950—
2099 (Fig. 3b). After removing the linear-plus-quadratic fit of
the PC1, the residual PC1 of the SDSL matches well with the
Nifio 3.4 index (correlation 0.71; Fig. 3b). Therefore, EOF1
illustrates an accelerating rise of the SDSL over the whole
SEA region superimposed on ENSO driven fluctuations.

EOF analyses are also applied to the individual SDSL
components (i.e., TSSL, HSSL, and MMSL) after removing
the seasonal cycles. The EOF1 of TSSL (Fig. 3¢) also shows
a region-coherent mode with the strongest signal in the ITF
region, the second strongest in the SCS basin, and the weak-
est on the continental shelves. This non-uniform pattern is
mainly caused by the differences in the local bathymetry
(pattern correlation of 0.81 between Figs. 1 and 3c). The
PC1 time series indicate an accelerating trend of TSSL over
1950-2099 under global warming (Fig. 3d). Similar to the

MMSL

100°E 120°E 140°E

110°E 130°E

MPI-ESM-LR results. Numbers in the upper-left corners of each panel
represent regional averages (cm), with the global mean TSSL changes
of 20.3 cm in MPI-ESM-ER and 23.6 cm in MPI-ESM-LR. All the
changes are presented in their original resolutions (roughly 10 km for
MPI-ESM-ER and 150 km for MPI-ESM-LR).
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EOF result of SDSL, after removing the linear-plus-qua-
dratic fit of the PC1 time series, the residual PC1 of TSSL
also reveals connection to the Nifio 3.4 index (correlation of
0.64). Therefore, the first mode of the SEA TSSL expresses
an accelerating warming superimposed on fluctuations
related to ENSO. A similar result is also found in the EOF
result of HSSL (Fig. 3f; correlation of 0.61 after detrend-
ing). However, the magnitude of EOF1 of HSSL is smaller
than that of TSSL (all the PCs are normalized). There are
stronger SSH signals in the SCS basin, which is the shal-
lower region, compared with the ITF region (Fig. 3e).
This indicates that the ocean freshening in the SCS basin
is more pronounced than that in the ITF region, outweigh-
ing the effect from bathymetry, which can be confirmed by
the regional depth-averaged ocean salinity change from the
historical to future periods (not shown). The EOF analysis
of MMSL indicates that more water mass is transferred to
the SEA continental shelves from the deep region, showing
opposite pattern against the EOF1 of TSSL (pattern correla-
tion —0.94; Fig. 3 g and c¢). The MMSL is in response to
ocean water redistribution caused by ocean dynamics which
is also related to ocean temperature and salinity anomalies.

Therefore, the MMSL also shows variability under the influ-
ence of ENSO (correlation of 0.73 between detrended PC1
and Nifio 3.4 index) with accelerating trend (Fig. 3h).

The EOF results demonstrate that both the forced long-
term trend and ENSO-related variability of sea level share the
same spatial patterns (Fig. 3a, c, e and g), which all show the
feature of topography. For the sea-level change under long-
term forcing, its connection to bathymetry is discussed above
(Fig. 2). While for the ENSO-related variability of sea level,
we suppose that deep region, compared with shallow region,
provides a larger container to hold heat and freshwater, and it
absorbs (or releases) larger heat content (or freshwater con-
tent) under the same intensity of influence from ENSO.

4 Causes of sea-level trends and variability

4.1 Regional-mean ocean heat and freshwater
content budgets

Since TSSL and HSSL changes were defined based on ver-
tical-integrated temperature and salinity anomalies, which

24°N 16 4
16°N
8°N
0°
8°s

(b) 0.71 .

SDSL

T—PC | T T
- =PC's trend

24°N
16°N
8°N
oo
8°s

TSSL

24°N
16°N
8°N
oo
8°s

HSSL

24°N
16°N
8°N
00
8°s

MMSL

-2

-16
100°E 120°E 140°E

1950 1965 1980

Fig. 3 Spatial patterns of the first mode Empirical Orthogonal Func-
tion (EOF) of (a) SDSL (c¢m), (c¢) TSSL (cm), (e) HSSL (cm), and
(g) MMSL (cm) over the period 1950-2099. Explained variances are
given in the upper-left corners of each panel. The corresponding prin-
cipal components (PCs; blue; 13-month running mean) are shown in
panels in (b), (d), (f), and (h), superimposed to the inverse Nifio 3.4
index (red; 13-month running mean). The black dashed lines in (d), (f),
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1995 2010 2025 2040 2055 2070 2085 2100

and (h) are the quadratic least-square fitted curves of the correspond-
ing PCs showing the trends of the PCs, and the green lines indicate the
detrended and standardized PCs. The correlation coefficients between
the inverse Niflo 3.4 index and the detrended PCs of SDSL, TSSL,
HSSL and MMSL are 0.71, 0.64, 0.61, and 0.73, respectively. Histori-
cal and future periods are separated by vertical grey lines in 2015
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are closely related to OHC and FWC changes, in this sec-
tion the contributions to regional-mean TSSL and HSSL are
discussed in terms of heat and freshwater fluxes/transports
from atmosphere and ocean, respectively.

Before discussing the individual contributions from
atmosphere and ocean, the regional-mean OHC and FWC
budgets are estimated in the SEA region. In the climatologi-
cal balance, the total surface heat flux (SHF) and surface
freshwater flux (SFF) from atmosphere always heat the SEA
region and make the ocean fresher, respectively, while the
transports through the ocean straits cool off the SEA region
and make the ocean water saltier (Fig. 4). The sum of fluxes
and transports from all boundaries (i.e., ocean surface and
lateral boundaries of the SEA region) is roughly equal to the
changes of OHC and FWC (obtained based on integrated
the interior ocean temperature and salinity), which demon-
strates that the budgets can generally be closed, indicated
by two orders of magnitude smaller residuals (Fig. 4). The
residuals could result from using monthly averaged model
output, as there is no available snapshot output. The missing
diffusion and sub-monthly eddy flux terms in the estima-
tion could also contribute to the residual time series. The
correlation coefficient between Nifio 3.4 index and regional
mean OHC (FWC) is -0.61 (-0.66) after detrending, which

indicates smaller OHC (FWC) during the El Nifio periods
and larger OHC (FWC) during the La Nifia periods.

For the OHC budget, the lead-lag analysis indicates that
the time series of OHT leads SHF by 6 months with a corre-
lation of -0.81, which suggests that SHF responds passively
to OHC variations resulting from OHT variations. In other
words, the atmosphere is damping OHC anomalies through
the interaction with SST. This is the reason why the standard
deviation of SHF and SHF + OHT are both smaller than that
of OHT (Fig. 4a). In contrast, for the FWC budget, the time
series of FWT lags SFF 19-month with correlation of -0.91,
showing that FWC changes are primarily driven by SFF,
and subsequent divergence of the FWT. In summary, the
OHC variability is mainly caused by ocean transports, while
the FWC variability is mainly induced by air-sea fluxes.

The long-term means of atmosphere fluxes and ocean
transports during the historical and future periods and their
differences are also shown (Fig. 4b and d). For the time-
mean states in the historical period (1950-2014), there are
quasi-stationary balances between atmosphere fluxes and
ocean transports for both heat and freshwater. It indicates
stable states of the regional-mean OHC and FWC. In the
future period (2015-2099), the enhanced warming effect of
SHF is more significant than the enhanced cooling effect of
OHT, which breaks the balance in the historical period and
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Fig. 4 (a) Time series of components contributing to the ocean heat
content (OHC) budget (units W m™ 2, displayed as the surface heat
flux (“A” in legend; teal) and ocean heat transport convergence (“O”
in legend; purple; the sum of fluxes through 14 straits in Fig. 1). Posi-
tive values correspond to heating of the ocean. The sum of the con-
tributions from atmosphere and ocean (“O+A” in legend; red), the
changes of OHC (“A OHC” in legend; blue), and their differences
(“A OHC-(O+A)” in legend; green) are also shown. The contribution
by ocean transports (purple) is further separated into the inflow from
the Pacific (“O-in” in legend; the sum of transports through Straits
No.1-7 in Fig. 1; dashed yellow line) and outflow to the Indian Ocean
(“O-out” in legend; the sum of transports through Straits No.8—14 in
Fig. 1; dashed black line). All the ocean heat transports are divided by

W et e
<

the SEA area to yield W m™2. (b) Graphs of the contributions from
atmosphere (teal), ocean (purple) and their sums (red) with values
attached (the same unit as (a)), which are averaged during historical
period (“His”; 1950-2014), future period (“Fut”; 2015-2099) and their
changes (“Fut-His”) from left to right. (c) and (d) are the same as (a)
and (b) but for ocean freshwater content (FWC,; its change is indicated
as “A FWC” in legend) budget (units 10”2 Sverdrup; Sv), and posi-
tive value means freshening the ocean. All the time series in (a) and
(c) are filtered by a 37-month running mean. The standard deviation is
2.21 Wm~2(0.04 Sv) for heat (freshwater) fluxes from all boundaries,
2.24 W m~2 (0.04 Sv) for the change of OHC (FWC), and reduced to
0.63 W m~2 (0.00 Sv) for the residuals
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results in accelerating OHC changes in the future. However,
both SFF and FWT are weakened in the future with similar
magnitudes, which means SFF and FWT provide roughly
equivalent contributions to FWC change. The positive sums
of fluxes and transports (0.9 W m~2 in Fig. 4b.3*1072 Sv
in Fig. 4d) accumulating with time during the future period
lead to upward trends of TSSL (Fig. 3d) and HSSL (Fig. 3d),
respectively.

The ocean heat and freshwater transports through the
SEA ocean boundaries are further separated into the eastern
(Straits No.1-7 in Fig. 1) and western (Straits No.8—14 in
Fig. 1) parts, based on the basic current pattern of inflow
from the Pacific and outflow to the Indian Ocean (long-term
mean current directions shown in Fig. 1 by arrows). Both
the inflow and outflow cool and salinize the SEA during the
historical period without obvious trend (Fig. 4). However,
the inflow turns to heat and freshen the SEA region under
climate change roughly after 2070. The positive trends in
the inflows during the future period are reflected by simi-
lar negative trends in the outflows (Fig. 4). These transport
changes from the historical to future periods are further ana-
lyzed in the following sections.

Compared with the projected changes of total OHT and
FWT, there are more obvious linear trends shown in inflow
and outflow transports. Specifically, the change of outflow
OHT cooling effect (-10.9 W m~2 between historical and
future means) is larger than that of inflow OHT (10.2 W
m~?); however, the change of inflow FWT (4.0¥107% Sv)
shows larger impact than the outflow (-3.0¥1072 Sv) in
the FWC budget. This difference indicates that velocity is
not the dominated element, at least not the only one, that
impacts the trends of both OHT and FWT. The contribution
from temperature or salinity change is not negligible which
is also proved by the transport decomposition results below.

4.2 Individual contributions from air-sea fluxes and
ocean transports

4.2.1 Air-sea heat and freshwater fluxes

For the contributions from the atmosphere, the spatial pat-
tern of time-mean SHF from the historical to future periods
presents positive changes (warming effect) in almost all of
the SEA region (Fig. 5a), while the positive change (fresh-
ening effect) of SFF mainly concentrates on the south part
of the SCS (Fig. 5b). However, these mean-state changes
are both quite small compared with their corresponding
variability, which can be proven by combining the EOF
results (regional mean is not removed). The EOF1 of SHF
shows the SEA region is warmed and cooled together under
the effect of ENSO (correlation between PC1 and Nifio 3.4
index is 0.76) with a high-amplitude center located around
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the Taiwan Island (Fig. 5c and e). Similarly, the EOF1 of
SFF in this region is dominated by the ENSO variability
as well (correlation between PC1 and Nifio 3.4 is 0.79;
Fig. 5d and e). Furthermore, the regional mean SFF shows
correlation of 0.66 with FWC (after detrending). This dem-
onstrates that SFF is an important factor that transmits the
large-scale ENSO variability to the local FWC in the SEA
region, which further influences the local HSSL variability.
However, the negative correlation of -0.62 between regional
mean SHF and OHC (after detrending) illustrates that SHF
is damping OHC anomalies, and this also supports the con-
clusions drawn in the last section.

4.2.2 Ocean heat and freshwater transports connecting the
Pacific and Indian Ocean

For the contributions from the oceanic processes, both the
variabilities of the inflows from the Pacific and outflows
to the Indian Ocean (dashed lines in Fig. 4a and b) are
decomposed into the contributions from velocity change
v and ocean properties (temperature and salinity) change
/' based on Eq. 3 (Fig. 6). The total inflow OHT from the
Pacific is stable during the historical period and increases
considerably during the future period with fluctuations
superimposed (Fig. 6a). Based on this comparison, both the
trend and variability of the inflow OHT (ﬂé{ fvdzdzx ) are
mainly induced by the contribution from velocity change
(H gl ;f v'dzdz ), iIndicated by time-mean changes and high
correlation (0.97) (Fig. 6a). While, the contribution from
temperature change (Hé{ f" v dzdx) presents much smaller
standard deviation with a weaker trend. However, the sign
of velocity trend, namely increasing or decreasing volume
transport, could be different from the trend of the velocity
contribution ( II (’f ] v'dzdzx ), which is weighted by temper-
ature anomalies. Hence, the time series of velocity change
(namely volume transport change)

F - ﬁfwdzdx, ©)

is presented as a reference (thin black lines in Fig. 6), which
is also relative to the SEA region (positive means more
water in the SEA). Combined with the time series of the
velocity change, it is confirmed that the increasing trend and
variability of the OHT from the Pacific to the SEA region
is caused by the decreasing volume transport and the vari-
ability of volume transport, respectively. A similar situa-
tion is also found for the outflow OHT. The outflow OHT
is affected by the inflow OHT, indicated by the correlation
of -0.92 with 6-month lag (blue lines in Fig. 6a and c). The
outflow OHT results in decreasing OHC in the SEA region
mainly caused by the reduced volume transport (Fig. 6¢).
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Fig. 6 (a) Ocean heat transport (W m™2) and (b) freshwater transport
(1072 Sv) from the Pacific to the SEA. Total transports (relative to
the historical mean; blue) are decomposed into the contributions from
velocity change (red) and temperature change (or salinity change;
green). The thin black lines in (a) and (b) show the volume transport
changes (Sv) and salinity changes (psu) of inflow (from the Pacific
to the SEA) and outflow (from the SEA to the Indian Ocean), respec-
tively, which are both relative to their own historical means. (c-d) are
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the same as (a-b) but for the transports flowing from the SEA into
the Indian Ocean. The numbers in the corners indicate the time-mean
changes of total transports (blue), the contributions from velocity
change (red) and temperature/salinity change (green), and volume
transport/salinity change (black) from historical (1950-2014) to future
(2015-2099) periods. All the heat transports are divided by the SEA
surface area. Historical and future periods are separated by vertical
grey lines in 2015. A 5-year low-pass filter is applied to curves
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In contrast, the contribution from the salinity change
grows over time and has a larger standard deviation than
that of the velocity, and becomes a more important factor
to both the inflow and outflow FWTs (Fig. 6b and d). The
contribution from salinity provides most of the time-mean
changes of FWT with large explained variances (0.83 and
0.92) for both the inflow and outflow. As the same function
of velocity change during OHT analysis, the time series of
the salinity change (thin black lines in Fig. 6b and d) is also
involved as a reference, which is defined as,

H
Fo— 1o (S hean — S)dzdx.

’ Hé{dzdx ™

To be consistent with the definition of FWT, a positive F}
indicates smaller salinity than the regional mean. There-
fore, it illustrates that the inflow-freshwater transport from
the Pacific is enhanced with fresher water in the future,
although the water volume transport is projected to decrease
(Fig. 6b). The decreased outflow FWT is also caused by
slightly freshened water (Fig. 6d). Unlike the situation of
OHT, the outflow of FWT shows weak relation with the
inflow (correlation —0.41; blue lines in Fig. 6b and d). As
mentioned before, the reason for this is that the outflow
FWT is not only influenced by the inflow FWT but also
deeply affected by the SFF. However, the outflow OHT is
dominated by the inflow OHT (6-month lag with correlation
0f -0.92), and the SHF is a response to the total OHT.

For the connection with ENSO, a significant impact of
ENSO variability is found in the inflow volume transport
(showing 7-month lead with correlation of -0.76 between
Nifio 3.4 index and inflow volume transport). Combined
with the contribution from the atmosphere, we conclude
that the physical processes of how ENSO variability influ-
ences the SEA region through ocean transports and air-sea
fluxes as follows. During the El Nifio (La Nifia) events, a
weaker (stronger) westward volume transport results in

Ocean Heat Transport (W m'z)

smaller (larger) OHT to the SEA region, which could be
caused by the weaker (stronger) easterly trade winds in the
tropical Pacific, and further drives the SEA OHC change.
Meanwhile, the eastward (westward) displaced warm pool
results in lower (higher) upper-layer ocean temperature in
the SEA region than during normal conditions. Then, the
lower (higher) upper-layer ocean temperature during the
El Nifio (La Nifa) events (1) promotes (hinders) the ocean
obtaining additional heat from atmosphere, and (2) sup-
presses (enhances) rising air which leads to less (more) pre-
cipitation, reflected in the SHF and SFF, respectively. The
FWC is firstly affected by the SFF, and then adjusted by the
ocean divergent FWT. In the end, the modified OHC and
FWC are manifested in the variabilities of TSSL and HSSL,
respectively.

4.3 Ocean heat and freshwater transports through
individual straits

Thanks to the high-resolution ocean model, transports
through narrow straits around the SEA and local current
changes are well resolved (Fig. 1). These 14 straits at dif-
ferent locations and cross-sectional areas provide different
contributions to the OHC and FWC (Fig. 7), and we focus
on the straits with top OHT and FWT. The OHTs through
individual straits show that during the historical period
Straits No. 2, 7 and 11 are the three largest positive contribu-
tors, while Straits No. 5, 10 and 12 provide the three largest
negative OHTs (Fig. 7a). For the FWT, Straits No. 2 and
3 transport the most freshwater, and Straits No. 11 and 12
provide the top two negative FWTs (Fig. 7b). Considering
the outflow OHT through Strait No. 10 is highly controlled
by the inflow OHT through Strait No. 7 (Torres Strait), indi-
cated by correlation of -0.68 and both of them show negli-
gible linear trends (Fig. 7a), these two OHTs are excluded
from our discussion. Therefore, the OHTs through Straits
No. 2, 5, 11, 12 and FWTs through Straits No. 2, 3, 11, 12
are investigated specifically (Fig. 8). Geographically, Strait

01 Ocean Freshwater Transport (Sv)
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Fig.7 (a) Time series (W m™2) of ocean heat transport through individ-
ual straits (divided by the area of SEA region; numbers corresponding
to straits in Fig. 1), in which the solid lines (Straits No. 1-7) indicate
the transports on the Pacific side, and the dashed lines (Straits No.
8-14) show the transports on the Indian Ocean side. (b) is the same
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as (a) but for freshwater transports. Positive values in (a) and (b) rep-
resent heating and freshening the SEA region, respectively. Historical
and future periods are separated by vertical dashed lines in 2015. A
10-year low-pass filter is applied to all time series
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No.2 (the Luzon Strait) is the entrance of the South China
Sea Throughflow (SCSTF), where the Pacific water intrudes
into the SCS. The SCSTF refers to the intrusion of the Kuro-
shio into the SCS through the Luzon Strait and outflow into
the Indonesian seas through two major passages: the Kari-
mata Strait and Mindoro—Sibutu Passage (Wei et al. 2016).
Strait No.3 (Surigao Strait) is a narrow strait but provides
one of the two significant secondary routes for both the ITF
and the western boundary current of the Pacific northern
tropical gyre (Hurlburt et al. 2011). Strait No.5 is one of the
entrances of the ITF (close to the Lifamatola Strait), while
Straits No. 11 (close to the Ombai Strait) and 12 (the Lom-
bok Strait and nearby straits) are two exits of the ITF.
Based on the results of the transport decomposition, the
trends and variability of the OHTs through all these four
straits are mainly controlled by velocity change (Fig. 8a, c, e
and g), which means the characteristic of the volume trans-
port is very important for local TSSL in the SEA region.
Specifically, the OHT through the Luzon Strait (Strait No.2)
is enhanced during the future period caused by strength-
ened inflow volume transport (Fig. 8a). However, the OHT

Ocean Heat Transport
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Fig.8 (a) Ocean heat transport (W m~2) and (b) freshwater transports
(1072 Sv) through Strait No.2. The total transports (relative to the his-
torical mean; blue) are decomposed into the contributions from veloc-
ity change (red) and temperature change (or salinity change; green).
Thin black lines in (a) and (b) show volume transport (Sv) and salinity
(10" psu) changes, respectively. (c), (¢) and (g) are the same as (a)
but for the ocean heat and volume transport changes through Straits
No.5, No.11 and No.12, respectively. (d), (f) and (h) are the same as
(b) but for the ocean freshwater and salinity changes through Straits

No.2
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through Strait No.5 also results in increasing OHC but with
the reduced volume transport. The contrasting behavior is
caused by the different long-term means of the difference
between section temperature and regional mean tempera-
ture (p _ }W(m). The reduced volume transport through
Strait No.5 (decreases 1.0 Sv over the future period based
on Fig. 8c) contributes to the projected ITF weakening. Cor-
respondingly, the ITF outflow through Strait No. 11 carries
much of the reduction (2.6 Sv) contributing to the largest
OHC decrease (Fig. 8e). As another exit of the ITF, Strait
No. 12 shows much weaker OHT trend (0.1 Sv) than that
through Strait No.11, but also contributes to the reduced ITF
in the future (Fig. 8g).

In contrast, the trends and variability of the top four larg-
est FWTs through the SEA ocean boundaries are mainly
induced by salinity change, and volume change is the sec-
ondary contributor (except Strait No.l11, where volume
and salinity provide roughly equivalent contributions to
FWT time-mean change; Fig. 8b, d, f and h). Specifically,
the inflow from the Pacific to the SEA through the Luzon
Strait (Strait No.2) becomes fresher, which results in more

(102 sv) Ocean Freshwater Transport (10" psu)
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No.3, No.11 and No.12, respectively. The numbers in the corners indi-
cate the time-mean changes of total transports (blue), the contributions
from velocity change (red) and temperature/salinity change (green),
and volume transport/salinity change (black) from the historical
(1950-2014) to future (2015-2099) periods. All the heat transports are
divided by the SEA area to yield W m~2. Historical and future periods
are separated by vertical grey lines in 2015. A 5-year low-pass filter is

applied to all time series
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freshwater entering the SEA region. The Surigao Strait
(Strait No.3) is a narrow and shallow strait but contributes
quite large amounts of freshwater, which increases mainly
due to the decreased salinity in the future. For the Straits No.
11 and 12, the FWTs are both projected to result in smaller
FWC in the SEA. The ocean freshening in the Pacific and
the SEA is reflected in the projected HSSL rising in the
future, leading to 2.2 cm regional mean sea level rise in the
SEA region at the end of 21st century (Fig. 2c).

By comparing all the individual OHTs on the Pacific
side (solid lines in Fig. 7a), the OHT through Strait No. 5
shows the most obvious positive trend, and it is the largest
contributor to the increasing trend of the total inflow OHT.
The OHT through Strait No.5 always cools the SEA region
(Fig. 7a) and the volume transport reduction of the gen-
erally cold (relative to the regional mean) inflow through
Strait No.5 contributes most of the OHC rise in the scenario.
Therefore, caused by the spatial-nonuniform volume trans-
port change (i.e., much more pronounced volume transport
reduction through Strait No.5 than the other inflow trans-
port), the total inflow OHT from the Pacific turns from cool-
ing to heating the SEA region in the scenario (yellow dashed
line in Fig. 4a). While, based on the individual FWTs on the
Pacific side (solid lines in Fig. 7b), the change of the total
inflow FWT from salinizing to freshening the SEA region
(yellow dashed line in Fig. 4c) is mainly induced by the
freshening inflow transport through Strait No.2.

4.4 Pathways changing in the western Pacificand
SEA region

In addition, we find that the trend and variability of the
volume transport through the Luzon Strait (Strait No.2) is
closely connected with the volume transport change of the
ITF. The volume transport through Strait No. 4 (the chan-
nel between the Mindanao Island and the Sulawesi’s Mina-
hasa Peninsula, which is the dominant entrance of the ITF)
shows an opposite linear trend and inverse variability (cor-
relation of -0.81) against the transport through Strait No.2,
and it exhibits synchronous variability to that in Strait No.5
(correlation of 0.74; Fig. S2).

The regional circulation change is likely to be induced by
signals from its upstream. To examine the potential mecha-
nism, the meridional variation of the volume transport from
the Pacific to the SEA region is quantified, which is defined
as the latitude change of the averaged “center of zonal water
velocity” in the western Pacific near the Philippines islands
(following the measurement-based method in Yang et al.
2020):

pP— f(um'in - U) o lat

S (tmin —u) ®)
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where P is the averaged latitude of zonal water velocity,
lat 1s the latitude ranging from 0° to 24°N covering both
Straits No.2 and 4, Uiy is the minimum westward zonal
water velocity, and ” is the averaged zonal water velocity
corresponding to /gt . Both Unnas and  are zonally aver-
aged within 129°-132°E (between the two red lines in
Fig. 1). Before the calculation, the eastward velocities are
excluded, so only the westward velocities are counted, and
a larger weight is given to the latitude with larger westward
velocity when averaging.

The latitude changes of the westward velocity center are
calculated for the surface (0-200 m) and subsurface (200—
4000 m) layers, respectively (Fig. 9). The linear regression
(dashed lines in Fig. 9) indicates that the latitude of the aver-
aged center of zonal velocity within surface layer moves
northward during the future period (0.64° per century). Sim-
ilarly, the subsurface velocity center also moves northward
but with weaker trend (0.15° per century). The near-surface
change should be related to the projected northward shift of
the North Equatorial Current bifurcation latitude connected
with surface wind stress change (e.g., Duan et al. 2017;
Yang et al. 2020). The northward shifting causes that part
of the volume transport previously flowing through Straits
No. 4 and 5 is progressively entering the SCS through Strait
No. 2 in the future. Consequently, the outflowing volume
transport through Strait No. 11 is reduced responding to the
decreasing volume transport through Straits No.4 and 5. In
the future, as larger volume is transported through Strait
No. 2 into the SCS, the anticlockwise circulation in the SCS
enhances, which imprints on the DSL change (Fig. 2a). The
volume transport changes along the pathways of the ITF
and SCSTF are clearly illustrated by comparing the pattern
from the historical period of depth-averaged current with
its projected changes (Fig. 10), which are consistent with
the results of CMIP5 multi-model ensemble mean (Hu et
al. 2015). These changes occur mainly in the surface layer
(0-200 m; Fig. 10b), although the subsurface (200—4000 m)
also shows slightly ITF weakening (Fig. 10d).

5 Summary and discussion

Based on the output of the coupled model MPI-ESM-ER
with its high-resolution ocean component, we investigate
the sea-level trends and variability in the SEA region dur-
ing the historical and a strong global warming scenario for
the future (SSP5-8.5). Our results reveal that (1) the SEA
sea level is deeply influenced by ENSO variability. Specifi-
cally, ENSO affects TSSL mainly through ocean transport,
while it impacts HSSL mainly through air-sea fluxes. (2)
Fluxes from the air-sea interface and transports through
ocean straits provide roughly equivalent contributions to
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both OHC and FWC growing. (3) Ocean transport impacts
SEA OHC mainly through the reduced volume transport,
but affects FWC by freshening water. (4) The dominant
zonal surface current from the Pacific to the SEA region is
found to move northward, resulting in a weakening ITF and
a strengthening SCSTF.

Beyond our current conclusions, there are several inter-
esting topics worth discussing. ENSO variability can lead to
roughly 9 cm sea-level fluctuation (peak to peak) on the con-
tinental shelves of the SEA region. According to observa-
tion and reanalysis data, some studies suggest more frequent
extreme El Nifio (e.g., Cai et al. 2014; Wang et al. 2017) and
La Nifia (e.g., Cai et al. 2015; Marjani et al. 2019) events to

0
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occur under greenhouse warming, which according to our
results should result in more extreme sea level events in the
SEA region on interannual time scale. Based on MPI-ESM-
ER, we find both extreme El Nifio and extreme La Nifia
(defined as the events when the Nifio 3.4 index is larger than
1.5 °C and lower than — 1.5 °C respectively) are becoming
more frequent over the future period. However, there is
still no clear consensus about the projected ENSO variabil-
ity change in the future, largely because of the uncertainty
among different climate models (e.g., Beobide-Arsuaga et
al. 2021). In addition, another study finds that the pathway
changes of the currents within the SEA region can in turn
modify ENSO variability by affecting the surface forcing
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(Tozuka et al. 2015). We also find that ENSO variability
leads by 4-month (6-month) the OHC (FWC) variability in
the SEA region, which facilitates a prediction potential of
the sea-level variability in the SEA from ENSO.

Besides, the projected increasing OHT from the Pacific
to the SEA region is mainly caused by the reduced volume
transport. However, pronounced ocean salinity reduction
for the inflow from the Pacific provides a larger contribution
than the reduced volume transport to the FWT changes. This
difference is caused by the fact that the SEA region and the
western Pacific warm similarly in the future, while showing
distinguished salinity characteristics. Previously, Cravatte
et al. (2009) observed significant freshening in the western
Pacific Warm Pool during 1955-2003, which is related to
the enhancement of the hydrological cycle. Based on coral
oxygen isotopic time series, Linsley et al. (2006) found
the fresher western Pacific Warm Pool is influenced by the
South Pacific Convergence Zone expansion. This freshen-
ing might continue in the future due to enhanced precipita-
tion in the Pacific (e.g., Langenbrunner et al. 2015; Wang
et al. 2020), which means the HSSL in the SEA region will
keep rising under climate change.

Locally, the interaction between the ITF and SCSTF was
discussed in connection with seasonal and interannual time
scales (e.g., Gordon et al. 2012; Wei et al. 2016). In this
study, we demonstrate that such changes also take place
under climate change conditions. Although the northward
movement in the future period is mainly reflected in the sur-
face layer, the current center in the subsurface also indicates
a northward trend, reversing a southward trend during the
historical period. Therefore, the changes in the subsurface
layer could also be a matter of concern, which cannot be
simply explained by surface wind stress (Wang et al. 2015;
Chen et al. 2019). Some studies discovered a baroclinic
response (i.e., spin up circulation in the upper ocean and
spin down at the subsurface) in the Pacific under climate
change, which is caused by the projected stronger warming
in the upper ocean compared to that in the deeper ocean,
leading to strengthened stratification and hindered vertical
mixing of heat (e.g., Zhang et al. 2014; Wang et al. 2015;
Chen et al. 2019). The same dynamical processes could also
influence the OHC and FWC and thus sea level in the SEA
region.

The SDSL and its components in the SEA region are
closely connected with global warming, indicating accel-
erating trends under rapid and unconstrained energy con-
suming scenario (SSP5-8.5) while its variability is linked
to ENSO. The conclusions drawn in this work contribute
to a better understanding of projected sea-level trends and
variability in the SEA region, which is critically needed for
adaptation measures in response to future climate changes.
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