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Abstract

In the past nearly two decades, the Argo Program has created an unprecedented global observing array with
continuous in situ salinity observations, providing opportunities to extend our knowledge on the variability and
effects of ocean salinity. In this study, we utilize the Argo data during 2004-2017, together with the satellite
observations and a newly released version of ECCO ocean reanalysis, to explore the decadal salinity variability in
the Southeast Indian Ocean (SEIO) and its impacts on the regional sea level changes. Both the observations and
ECCO reanalysis show that during the Argo era, sea level in the SEIO and the tropical western Pacific experienced
arapid rise in 2005-2013 and a subsequent decline in 2013-2017. Such a decadal phase reversal in sea level could
be explained, to a large extent, by the steric sea level variability in the upper 300 m. Argo data further show that, in
the SEIO, both the temperature and salinity changes have significant positive contributions to the decadal sea
level variations. This is different from much of the Indo-Pacific region, where the halosteric component often has
minor or negative contributions to the regional sea level pattern on decadal timescale. The salinity budget
analyses based on the ECCO reanalysis indicate that the decadal salinity change in the upper 300 m of SEIO is
mainly caused by the horizontal ocean advection. More detailed decomposition reveals that in the SEIO, there
exists a strong meridional salinity front between the tropical low-salinity and subtropical high salinity waters. The
meridional component of decadal circulation changes will induce strong cross-front salinity exchange and thus

the significant regional salinity variations.
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1 Introduction

As an important consequence of climate variability and
change, sea level change has direct impacts on the ecosystem
and human life in coastal and island regions. The total sea level
variation is the combination of two major effects: the steric and
mass-induced (Gill and Niller, 1973). The steric contribution ac-
counts for the expansion and contraction of water column in-
duced by the variations in water temperature or salinity, while
the mass-induced contribution reflects changes in the mass of
water column due to precipitation/evaporation, melting of land
ice, river runoff or the redistribution of water in the ocean. The
steric sea level could be further decomposed into thermosteric
and halosteric components, corresponding to the effects of tem-
perature and salinity changes, respectively. Previous studies have
shown that temperature change is the main contributor to the
patterns of regional sea level variability on the seasonal, interan-
nual and decadal timescales (Vinogradov et al., 2008; Stammer et
al., 2013; K6hl, 2014; Zhang and Qu, 2015). Nonetheless, the sa-
linity and mass-induced changes could also be important in

some specific regions and timescales (Cheng et al., 2013; Wu et
al., 2017). For instance, in the subtropical southeast Pacific, the
thermosteric and halosteric heights show similar varying mag-
nitudes on decadal timescale (Nidheesh et al., 2013). Overall, the
halosteric effect on sea level change has been less investigated
than the thermosteric effect owing to the sparseness of historical
salinity measurements and the relatively minor contributions
from the halosteric sea level. However, with the development of
the International Argo (Array for Real-time Geotropic Oceano-
graphy) Program, the deployed profiling floats have created the
first global array to continuously observe ocean temperature and
salinity versus pressure (Roemmich et al., 2009). Argo data re-
cord with global coverage has now reached more than fifteen
years, thus providing unprecedented in situ dataset to study the
multiscale salinity variations and their impacts on sea level and
circulation changes.

Over the past nearly three decades, global sea level rise has a
mean rate of ~3 mm/a (Willis et al., 2010; Chen et al., 2017).
However, regional sea level change can deviate substantially
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from the global mean rate. During the global surface warming
slowdown (GSWS) period from the 1990s to the early 2010s, the
tropical western Pacific experienced the highest rates of sea level
rise in globe, with values exceeding 10 mm/a (Merrifield et al.,
2012; Qiu and Chen, 2012). Afterwards, local sea level in the west-
ern Pacific abruptly shifts to a negative trend, probably related to
the phase change of Interdecadal Pacific Oscillation (IPO, Ham-
lington et al., 2016). Due to the oceanic connectivity around the
Indonesian Archipelago, sea level signals in the low-latitude
western Pacific could be partly transmitted into the Indian Ocean
in the form of coastally trapped waves, resulting in significant sea
level fluctuations in the southeast Indian Ocean (SEIO, Wijffels
and Meyers, 2004). Previous studies have noted that due to the
existence of these inter-basin waveguides via the Indonesian
Seas, sea level signals near the western coast of Australia and in
the western Pacific display very similar oscillations and are both
strongly influenced by the Pacific climate modes, e.g., El Nifio-
Southern Oscillation (ENSO) and IPO (Cai et al., 2005; Feng et al.,
2010, Du et al., 2019).

The southern Indian Ocean (SIO) has a unique circulation
system that is substantially influenced by the Indonesian
Throughflow (ITF), the only low-latitude inter-ocean flow in
globe (Schott et al., 2009). Existing comprehensive studies have
already shown that the surface heat flux and ocean internal vari-
ability are the primary causes for the decadal sea level variability
in the subtropical SIO, with the ITF making significant contribu-
tions mainly in the SEIO (Li and Han, 2015; Han et al., 2018). On
the other hand, despite the coherent decadal sea level variations
along the Indo-Pacific inter-basin waveguides, the relative con-
tributions from thermosteric and halosteric components are dis-
tinct between basins. In both the north and south Pacific, the
rapid sea level rises during the GSWS are mainly thermosteric in
nature (Qiu and Chen, 2012; Zhang and Qu, 2015). The excep-
tional situation exists in the SEIO where the thermosteric and
halosteric components are both essential for the rise of steric
height during the Argo era from 2005 to 2013 (Llove and Lee,
2015). Estimations based on both the Argo data and the ocean
reanalysis product further quantified that halosteric component
could explain ~40% of the total SIO sea level rise during the
GSWS (Jyoti et al., 2019). The halosteric sea level rise is associ-
ated with a decadal freshening in the upper 300 m, which could
not be explained by local atmosphere forcing, such as Ekman
pumping, precipitation, or the transmission of wave signals from
the western Pacific (Llove and Lee, 2015). Some studies inferred
that the decadal strengthening of ITF during the GSWS may en-
hance freshwater transport from Pacific into SIO and thus lead to
the freshening phenomenon (Du et al., 2015, 2019; Hu and
Sprintall, 2017; Jyoti et al., 2019). In addition to the impact on re-
gional sea level change, salinity effect also plays important roles
in regulating or indicating the circulation and climate variability
in the SIO. For instance, the intensity of Eastern Gyral Current
(EGC) has been found to be largely modulated by the salinity
front between the fresher tropical water and saltier subtropical
water (Menezes et al., 2013). Moreover, recent studies noted a
meridional salinity dipole mode in the Indian Ocean with the
southeast pole located in the SEIO (Zhang et al., 2016, 2018). This
mode is correlated with ENSO and Indian Ocean Dipole (IOD) on
interannual timescale and also associated with decadal modula-
tion of the Indo-Pacific Walker circulation, which means that it
would serve as a good indicator of climate variability (Zhang et

al., 2018). The significance of salinity in the SIO implies that it is
meaningful to better understand its variability and impacts on
multiple spatiotemporal scales.

This study aims to further illustrate the salinity variability in
the SIO and quantify its influence on the regional sea level
changes, with an emphasis on the decadal characteristics in the
SEIO. While it has been recognized that the decadal freshening in
the upper SEIO conspicuously contributes to the local sea level
rise during the GSWS, there is still a lack of quantitative estima-
tion for the cause and impact of this interesting decadal freshen-
ing phenomenon. Furthermore, with the end of GSWS, the Indo-
Pacific sea level has shifted to a decline phase since the early
2010s. The possible impact of SIO salinity on this decadal phase
change in sea level deserves further clarification as well. In this
study, we utilize the observational data and the results from a
model of the Consortium for Estimating the Circulation and cli-
mate of the Ocean (ECCO) to investigate the respective roles of
ocean dynamics and atmospheric forcing in the upper-ocean sa-
linity balance and subsequent sea level change in the SIO. The
paper is organized as below. The data and methods are de-
scribed in Section 2. Based on the observational data and the
global ocean model simulations, Section 3 presents the decadal
sea level variability in the SIO and highlights the contributions
from salinity changes. Then the salinity budget analysis is ap-
plied to further clarify the causes of salinity changes. Section 4
provides a summary and discusses the possible future work mo-
tivated by the present study.

2 Data and methods

2.1 Observational data

In this study, we adopt a gridded dataset on sea level anom-
alies from multi-satellite altimeters, which was previously
provided by Archiving, Validation and Interpretation of Satellite
Oceanographic data (AVISO), is now processed and distributed
by the Copernicus Marine Environment Monitoring Service
(CEMES). The dataset is available on a 0.25°x0.25° spatial resolu-
tion and interpolated to daily with an optimal computation time
window (6 weeks before and after the date). As we study the vari-
ability on seasonal and longer timescales, the original daily sea
level data are temporally averaged to be a monthly dataset.

Argo, commonly known as “ARGO Global Ocean Observa-
tion Network”, is a component of the Global Ocean Observing
System. The Argo-based temperature and salinity products used
in this paper are monthly average gridding data from 2004 to
2017 provided by the Scripps Institution of Oceanography
(Roemmich and Gilson, 2009). The dataset has a horizontal grid
spacing of 1°x1° and 58 vertical isobaric layers. The vertical resol-
utions vary gradually from 10 m in the upper 170 m to 100 m in
the depth of ~2 000 m.

2.2 ECCO reanalysis product

ECCO is a global ocean assimilation product obtained by
combining the Massachusetts Institute of Technology General
Circulation Model (MITgcm; Marshall et al., 1997) with most
available ocean data in a physically and statistically consistent
manner (Forget et al., 2015). In this study, we use monthly out-
put of the newly-released ECCO version 4 Release 4 (ECCOv4r4),
which covers the period from 1992 to 2017 ©, It has a zonal resol-
ution of 1° and the meridional resolutions varying from ~(1/3°)

@ Fukumori I, Wang Ou, Fenty I, et al. 2019. ECCO Version 4 Release 4 Notes. https://ecco.jpl.nasa.gov/drive/files/
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near the equator to ~1° in the middle and high latitudes. There
are 50 vertical layers with varying resolutions from 10 m in the
upper ocean to 400 m at the maximum depth of 5 906 m.
ECCOv4r4 is constrained by a variety of ocean observations, in-
cluding satellite altimetry, sea surface temperature/salinity, in
situ hydrography, ocean mass from satellite gravity and sea-ice
concentration . Through the adjoint method, its initial condi-
tions, surface atmospheric state and internal parameters are iter-
atively optimized to fit multiple sources of observations within
expected uncertainties. One significant advantage of ECCOv4r4
product is that it retains physical consistency through the conser-
vation laws encoded in the model. This feature enables the clos-
ure of salinity budgets with negligible budget residuals (Forget et
al., 2015). The mixing effect consists of turbulent diffusion, Gent-
McWilliams density mixing (Gent and McWilliams, 1990) and K-
profile parameterization vertical mixing (Large et al., 1994),
which are beneficial to quantitatively evaluate the impact of
these subgrid processes.

2.3 Salinity budget

The salinity budget is evaluated by the method similar to
some previous studies (Gao et al., 2014; Wilson and Riser, 2016;
Wau et al., 2019), which reads as:

O _E=BB (9, s vs)t
[mixing]y — [Vz(wS)] + [mixing|, ey

where the square bracket means the depth average within the
upper layer h. Given that the decadal salinity change mainly oc-
curs in the upper ocean (figure not shown), here & is defined as
the upper 300 m, the same as the setting in Llove and Lee (2015).
The u, v and w are the zonal, meridional and vertical velocities,
respectively. Horizontal and vertical components of a variable are
denoted by subscript H and Z, respectively. The V = <%7 %)
and V, = % denote the horizontal gradient operator and vertic-
al gradient operator. The terms on right side of Eq. (1) represent,
from left to right, surface freshwater forcing (SFF for short), hori-
zontal salt advection, horizontal mixing component, vertical salt
entrainment and vertical mixing component, respectively. The
sum of last four terms is referred to as the effect of ocean dynam-
ics (ODY for short). Each variable in Eq. (1) could be separated
into two parts: the interannual-to-decadal variability and the cli-
matological seasonal cycle (e.g., S = S’ + 5). Then the horizontal
salinity advection term could be decomposed into the four terms
as follows:
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The first term is the mean background advection only containing
seasonal signals. The second and third terms indicate the low-
frequency salinity variability induced by the anomalous salinity
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higher-order nonlinear effect, which is usually much smaller

than the other terms.
3 Results

3.1 Sea level changes

As noted in several previous studies, sea level in Indo-Pacific
shows decadal rise from 2005 to 2012 and subsequent decline
since ~2013 (Llove and Lee, 2015; Meng et al., 2019). Generally
following the previous results, Figs 1a and b show the regional
patterns of altimetric sea level trends over the periods of
2005-2013 and 2013-2017. It could be clearly seen that sea level
trends in most regions have opposite signs between these two
periods, demonstrating the significant decadal phase reversal. In
Fig. 1a, the most significant sea level rise occurs in the tropical
the Northwest Pacific (5°-~10°N, 120°-140°E) and the SEIO (8.5 °-
29.5°S, 80.5°-113.5°E), with regional mean values of 17.68 mm/a
and 10.26 mm/a, respectively. In the period of 2013-2017, the sea
level obviously declines in the above two regions (Fig. 1b). Figures 1c
and d show the trends of upper 300 m ocean steric sea level in the
periods of 2005-2013 and 2013-2017, respectively. The trend pat-
terns of steric height are quite similar to the total sea level trends
from altimeter observations. But the trend magnitudes in steric
height are obviously less. During 2005-2013, the steric height in
the Northwest Pacific rises at a mean rate of 9.20 mm/a, which
explains only 52% of the total trend, indicating the substantial
contributions from deeper ocean density changes or mass-in-
duced component. By contrast, in the SEIO, the rise trend of ster-
ic sealevel is 6.77 mm/a during 2005-2013, accounting for 66% of
the total trend, reflecting the larger impacts of upper ocean dens-
ity changes on the decadal trends of regional sea level. To further
quantify the depth dependence of the steric height in the SEIO,
we also calculate the surface steric height relative to the depth of
2 000 m. Compared with the linear trends of steric height in Figs
1c and d, the decadal trends of steric height referenced to 2 000 m
are only ~10% larger in the SEIO (figure not shown). It means that
in the SEIO, the intermediate-deep layer waters exert little im-
pact on the total sea level trends.

In order to evaluate the respective effects of temperature and
salinity on the steric sea level variability, we estimate the ther-
mosteric and halosteric height by replacing in the equation of
state for seawater the time-varying S(x,y, z, ) and T(x, y, z, t) with
the time-averaged S(x,y,z) and T(x,y,z) during 2004-2017. In
both periods, the thermosteric sea level is the primary contribu-
tion to the trends of streic sea level in many regions (Figs 1e and
f), while the trends of halosteric sea level are generally smaller
and tend to compensate the trends of thermosteric component in
western Pacific (Figs 1g and h). Only in the SEIO, the thermoster-
ic and halosteric sea level components show consistent decadal
trends with comparable magnitudes. During 2005-2013, the rise
trends induced by the thermosteric and halosteric effects are
3.79 mm/a and 2.92 mm/a, respectively, in the SEIO (Figs 1e and
g). After the decadal phase reversal, both components shift to the
decline trends with the rates of -5.10 mm/a for thermosteric sea
level and -2.98 mm/a for halosteric one, respectively (Figs 1f and
h). The above results demonstrate that the halosteric effect not
only has a large contribution to the sea level rise during 2005-
2013, which has been noted in Llovel and Lee (2015), but also
persistently contributes to the sea level decline after the decadal
phase change since 2013.

To further depict the sea level variations on multiple times-
cale, Fig. 2a shows the time series of total sea level in the SEIO
and its steric, thermosteric and halosteric components. Consid-
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Fig. 1. Linear trends of sea level in 2005-2013 derived from satellite altimeter data (a), the steric sea level based on Argo data (c), the
thermosteric sea level based on Argo data (e), the halosteric sea level based on Argo data (g). Figures b, d, f, h are the same as a, c, e, g,
respectively, but for the period of 2013-2017. The reference level used to compute steric sea level in Figs c-h is 300 m.

ering that significant decadal trends in sea level mainly occur in
the SEIO, we also select the southwest Indian Ocean (SWIO, 8.5°-
29.5°S, 47.5°-80.5°E) as a counterpart to highlight the difference
in sea level variability between the eastern and western basins of
SIO. The sea level time series in both regions display low-fre-
quency fluctuations embedded with remarkable seasonal cycles
(Figs 2a and b). Seasonal signals are also remarkable in the time
series of steric height and its thermosteric component, but are
much weaker in the time series of halosteric component, suggest-
ing that thermosteric effects largely explain the seasonal vari-
ations of both steric and total sea level. After removal of the sea-
sonal signals, the interannual-to-decadal time series in the SEIO
show obvious sea level rise until 2013 and subsequent sea level
decline afterwards (Fig. 2c), consistent with the results in Fig. 1.
Nevertheless, the low-frequency sea level variability in the SWIO
is dominated by the interannual signals and does not exhibit
evident decadal trends (Fig. 2d). The interannual signals of steric
height are largely controlled by the thermosteric effect. The
halosteric effect only slightly enhances or compensates the con-
tributions from thermosteric component. Meanwhile, because
we only consider the variations in the upper 300 m, the low-fre-
quency steric signals in both SEIO and SWIO resemble the alti-

meter observations but display weaker amplitudes. The differ-
ence between total and steric heights are more pronounced in
the SWIO probably due to the thermocline deepening in the cen-
ter of subtropical gyre to the east of Madagasscar Island. The
depth dependence of the SIO subtropical gyre variability is an-
other interesting topic. But it is beyond the scope of the present
study and will not be further discussed here.

3.2 ECCO model validations

Given the importance of halosteric effect to the decadal sea
level variability in the SEIO, the model outputs from ECCOv4r4
are utilized to further elucidate the causes of decadal salinity
changes through the budget analysis as introduced in Section 2.3.
Before investigating the physical processes related to the salinity
changes, we first validate the performance of ECCOv4r4 model in
the SIO by comparing the simulated interannual-to-decadal vari-
ations in sea level and upper 300 m salinity with the altimeter and
Argo observations. As shown in Figs 3a and b, the observed and
simulated sea level signals display very similar low-frequency
variability, with a correlation coefficient of 0.98 for both the SEIO
and the SWIO (Figs 3a and b). The model results could simulate
both the observed multi-decadal trend from 1993 to 2013 and the
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applied here is the same as Fig. 2.

embedded interannual-to-decadal fluctuations. Meanwhile, EC-
COv4r4 also well captures the observed upper-ocean salinity
variations in the SIO. In the SEIO, both observations and ECCO
simulations show remarkable freshening of surface water during
2005-2013 and the salinity rebound from 2013 to 2017 (Fig. 3c).
The model-data correlation between observations and simula-
tions reaches 0.95 in the period of 2004-2017. Similarly, in the
SWIO, the simulated salinity variability also well resembles the
observations with a correlation coefficient of 0.93. But the upper-
ocean salinity in the SWIO is dominated by relatively higher fre-
quency interannual oscillations and does not show obvious
decadal phase reversal before and after 2013. The observed sea-
sonal variations of salinity are also reasonably reproduced in the
ECCO model. Both observations and simulations in the SIO show

the characteristics of lower salinity in austral fall and higher sa-
linity in austral spring (figures not shown). Therefore, the model-
observation agreement makes it practicable to use the ECCO
product to study the underlying processes associated with the
upper salinity changes in the SIO.

3.3 Causes of decadal trends of upper-ocean salinity in the SIO
According to the salinity budget method introduced in Sec-
tion 2.3, the terms in the salinity balance from ECCOv4r4 are
used in this section to diagnose the upper ocean salinity budget
in the SIO. In both the SEIO and SWIO, the salinity tendencies are
almost the same as the sum of all forcing terms (Figs 4a and b),
suggesting that the salinity balance resulting from ECCOv4r4 is
closed. The salinity tendency term in the SEIO tends to be negat-
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ive during 2005-2013 with some positive exceptions during the El
Nifo events, such as the 2009/2010. It reflects the decadal
freshening trend in SEIO modulated by interannual signals
shown in Fig. 3c. The tendency term shifts to positive phase dur-
ing 2013-2017, corresponding to the increase of upper-ocean sa-
linity. Consistent with the salinity changes in Fig. 3d, its tend-
ency term in the SWIO mainly exhibits interannual fluctuations
as well (Fig. 4b). In most cases, the ODY terms are larger in mag-
nitude than the SFF terms and thus account for the major part of
the salinity tendencies in both regions. The correlation coeffi-
cients between salinity tendencies and ODY terms are 0.86 and
0.84 for the SEIO and SWIO, respectively. Compared with the
varying amplitude of tendency term, the amplitude of ODY is
very close in the SEIO, but slightly weaker in the SWIO, indicat-
ing that the ocean process plays a more important role in the sa-
linity variability in the SEIO.

The relative importance of the four specific terms of ODY, in-
cluding horizontal advection, vertical advection, horizontal mix-
ing and vertical mixing, are further compared in Figs 4c-d . Itis
obvious that, in both SEIO and SWIO, the horizontal advection is
the main component of the ODY. The effect of vertical advection
is obviously smaller in magnitude and usually compensates the
effect of horizontal advection. Compared with the advection ef-
fects, the contributions from horizontal and vertical mixing are
both negligible.

Figure 5 further shows the spatial distributions of anomalous
salinity tendency, SFF and ODY in 2005-2013. During this period,
the upper-ocean salinity decreases in the South China Sea, the
Indonesian seas and the SEIO, but increases in the tropical west-
ern Pacific (Fig. 5a). The salinity decrease in the SEIO mainly oc-
curs over the strong mean salinity front between the tropical low-
salinity water and the subtropical high-salinity water. The SFF ex-
erts strong negative effect around the Indonesian Archipelago
(Fig. 5b). Consistent with the SFF, the sea surface wind anom-
alies in Fig. 5b show convergence over this region, indicative of
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Fig. 5. The anomalous salinity budget terms in the upper 300 m
during 2005-2013. a. Salt tendency (shading) and mean salinity
(green contours), b. SFF term (shading) and surface wind anom-
alies (vectors), and c. ODY term (shading) and anomalous upper-
ocean velocities (vectors). To highlight the anomalies in the SIO,
the wind speed larger than 1 m/s and ocean current larger than
0.01 m/s are removed from Figs b and c, respectively.

anomalous precipitation induced by enhanced atmospheric
deep convection. The ODY shows a negative pattern similar to
salinity tendency in the SEIO and strong positive values around
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the Indonesian Archipelago (Fig. 5¢). The anomalous ocean cur-
rent indicates an enhanced ITF, which transports the anomalous
signals of SFF westward and thus leads to the salinity decrease
(increase) in the Indian Ocean (Indonesian seas) and a
weakened South Equatorial Current (SEC). It is noteworthy that
the anomalous SEC and ITF converge at around 100°E and 15°S,
forming a southward flow anomaly in the subtropical SEIO. Pre-
vious studies have noted this anomalous southward flow during
the GSWS and pointed out that it played a key role in conveying
the ocean heat from the tropical Indian Ocean to the Southern
Ocean (Li et al., 2017; Liao et al., 2019).

The spatial distributions of anomalous salinity budget terms
in 2013-2017, as shown in Fig. 6, are generally opposite to those
in 2005-2013. The upper-ocean salinity decreases in the tropical
western Pacific and increases in the South China Sea, the SEIO
and to north of Australia (Fig. 6a). Associated with the relatively
weak wind anomalies, the SFF term shows a complex and spotty
pattern over the equatorial Pacific and Indonesian seas, which
means that there is no spatially uniformed anomalous SFF in this
period (Fig. 6b). The similar spatial patterns of salinity tendency
and ODY (Figs 6a and c) confirm that in most of the Indo-Pacific
region, ODY plays a leading role in the decadal salinity trends
during 2013-2017. Comparing the Figs 5¢c and 6¢, we could see
that in the SIO, the anomalous flow pattern in 2013-2017 is gen-
erally opposite to that in 2005-2013. The northeastward flow an-
omaly in the Indonesian Seas indicates the weakening of ITF
(Fig. 6¢). The enhanced SEC and weakened ITF induce the up-
per-ocean divergence around 100°E and 15°S, and subsequently
result in an anomalous northward flow in the subtropical SEIO
(Fig. 6¢). The positive ODY and northward flow anomalies in the
100°  125°  150° 175°E

R N—) -,
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Fig. 6. The anomalous salinity budget terms in the upper 300 m
during 2013-2017. a. Salt tendency (shading) and mean salinity
(green contours), b. SFF term (shading) and surface wind anom-
alies (vectors), and c. ODY term (shading) and anomalous upper-
ocean velocities (vectors). The wind speed larger than 1 m/s and
ocean current larger than 0.01 m/s are removed from Figs b and
¢, respectively.

SEIO suggest that weaker horizontal advection may be an im-
portant factor for the salinity increase in this period.

In order to further clarify the respective effects of salinity an-
omalies and velocity anomalies on the upper-ocean salinity tend-
ency, the horizontal advection term is decomposed into six com-
ponents following the Eq. (2). Figure 7 shows the spatial distribu-
tion of each component of horizontal advection term during

2005-2013. The effect of —v’? term (Fig. 7b) is definitely the
y

main cause of the freshening in the SEIO. It results from the joint
effects of two factors: one is the strong meridional mean salinity
gradient as shown in Fig. 5a, another is the anomalous south-
ward current in the SEIO, which originates at the convergence
zone between the weakened SEC and the enhanced ITF (Li et al.,
2017; Liao et al., 2019). By contrast, due to the weaker zonal salin-

. . . . . 0S
ity gradient, zonal advection associated with —u'— does not
X

show significant impacts on the freshening in the SEIO (Fig. 7a).
The intense evaporation leads to the zonally extended high salin-
ity band in the subtropical SIO (Toole and Warren, 1993; Pokhrel
et al., 2012). Meanwhile, the local precipitation and freshwater
transport by ITF form the low salinity zone in the tropical SIO
(Qu and Meyers, 2005). The present study shows that the mean
salinity front between the above two water masses plays an es-

/

sential role in the decadal salinity change in the SEIO. The u%—i
"/

and D%—S appear to be important components of horizontal ad-
y

vection term in the equatorial Pacific and northern Indian Ocean

(Fig. 7c-d). But their influences are minor in the SEIO. In addi-

08 and 71}’@
0x oy

also have considerable influences in tropical and northern Indi-
an Ocean, but have little contribution to the SEIO salinity

tion, the higher-order nonlinear terms | —u/

changes (Fig. 7e-f). During 2013-2017, the —v’? also domin-

ates the salinity increase in the SEIO (figure n(J)/t shown). As
shown in Fig. 6c, due to the enhanced SEC and weakened ITF,
the upper-ocean divergence around 100°E and 15°S lead to a
northward flow anomaly in the SEIO, which subsequently results

. i 0S .
in a strong positive —1/8—. Therefore, we could conclude that it

Y
is the decadal variability of meridional current and the mean spa-
tial pattern of salinity front in the SIO that governs the decadal
salinity variations in the SEIO.

4 Discussion and summary

Using the Argo data, satellite observations and the ECCOv4r4
ocean reanalysis, this study investigates the decadal sea level and
salinity changes in the SIO during 2005-2017. Particular atten-
tions are paid to the potential role of salinity effect in the decadal
sea level change over the SEIO. The results show that the sea level
change on the seasonal scale is primarily thermosteric in nature
and is not essentially influenced by the variations of salinity in
the whole SIO. Nevertheless, the interannual-to-decadal sea level
variability in the SEIO is significantly modulated by the haloster-
ic effect associated with the upper-ocean salinity variations. Es-
pecially on decadal timescale, due to the wave transmissions
along the Indo-Pacific waveguides, sea level in both the western
Pacific and the SEIO experiences a coherent phase reversal from
the rise phase during 2005-2013 to the decline phase during
2013-2017. However, the relative importance of temperature and
salinity effects are distinct between the western Pacific and the
SEIO. In the SEIO, the thermosteric and halosteric components
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Fig. 7. Decomposition of the horizontal advection term in 2005-2013. a. The zonal advection associated with anomalous currents and
mean salinity gradient, c. the zonal advection associated with mean currents and anomalous salinity gradient, e. the zonal advection
associated with anomalous currents and anomalous salinity gradient, and b, d and f is similar to a, c and e, respectively, but for the

meridional advections.

have comparable positive contributions to the decadal variabil-
ity of sea level. By contrast, the western Pacific sea level is domin-
ated by thermosteric component and the halosteric one tends to
have negative contributions. In addition, in the SWIO and north-
ern Indian Ocean, the decadal sea level variations are usually
little affected by salinity changes.

The salinity budget analyses based on the ECCO reanalysis
are used to further explore the causes of upper-ocean salinity
changes in the SEIO. The results indicate that the oceanic hori-
zontal advection in the ODY is the key contributor to the decadal
variability of upper-ocean salinity around the SEIO. Further de-
composition on the horizontal advection term suggests that the

decadal freshwater transport is largely caused by the 71/%

term, that is, the anomalous meridional currents in the SEIO on
the background of a strong salinity front between the tropical
freshwater and subtropical saltier water. However, the others
components of ODY, including vertical advection, horizontal and
vertical mixing, do not have significant contribution to the
decadal phase changes of salinity and sea level from 2005-2013
to 2013-2017.

To evaluate the possible effect of eddy-induced salinity trans-
port, we further compared the large-scale salinity advection due
to the resolved velocity and the eddy-induced salinity advection
associated with the parameterized bolus velocity in the period of
2005-2013. As shown in Fig. 8, the estimation of ECCOv4r4 sug-
gests that the freshwater transport induced by bolus velocity is
much weaker than the effects of resolved velocity, meaning that
the effects from the eddy-induced transport is smaller than the
contributions of the resolved flow. However, due to the relatively
coarse model resolution, the eddy-induced transport may prob-
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Fig. 8. The horizontal salinity advection in 2005-2013 induced
by the resolved velocity (a) and the bolus velocity (b).

ably not be well reproduced in the ECCOv4r4 ocean state estim-
ate. In fact, the eddy activities in the SEIO are strong and exhibit
significant variability on seasonal and interannual timescales
(e.g., Zheng et al., 2018). The eddy-induced transport deserves
more accurate evaluations in the framework of eddy-resolving
assimilation system. Overall, the above results prove the excep-
tionally crucial role of salinity in the SEIO. In particular, the link-
ages among circulation, salinity and sea level change have been
further clarified. It will be important for future studies to further
clarify their interactions under the circumstance of the climate
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variability and climate change.
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