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Abstract

Sea level change (SLC) in the South China Sea (SCS) is primarily driven by variations
in ocean density, which are influenced by temperature and salinity. These density-
driven effects, known as thermosteric and halosteric sea level anomalies (TSLA and
HSLA), together contribute to steric sea level anomaly (SSLA). Previous studies have
shown the significant role of TSLA. However, based on multi-source data, our analysis
reveals that salinity plays a substantial role. We find that salinity changes in the upper
ocean of the SCS exhibit a pronounced decadal variation, and the HSLA accounts for
55% of SSLA variations, and 48% of total decadal SLC, surpassing the contributions
of TSLA with 45% and 40%, respectively. The Pacific Decadal Oscillation is an
important factor in driving these salinity changes in the SCS, as it influences
precipitation over the SCS and high-salinity water intrusion from Luzon Strait. The
HSLA, hence, uniformly changes across the basin, with salinity changes in the upper
50m contributing 70%. While, TSLA changes primarily arise from temperature
variation in the 50-200 m layer within strip-like zones located west of Luzon Island.
TSLA dominates SSLA changes in this region, whereas HSLA plays a dominant role in
the southern and shallow areas of the SCS. These combined effects of the HSLA and
TSLA shape the decadal SLC in the SCS. This study highlights the potential role of
salinity in the complex regional SLC, providing valuable insights for future studies.

Keywords

South China Sea; Sea level change; Salinity; Decadal variability; Pacific Decadal
Oscillation

1. Introduction

As one of the crucial outcomes of climate change, the sea level change (SLC) has
significant social and economic implications and exerts a considerable influence on
ecosystems and human livelihoods (Nicholls et al., 2023; Frederikse et al., 2020;
Durand et al., 2022; Roy et al., 2023). Understanding the drivers of SLC is therefore
crucial to predict and mitigate its impacts. The global monitoring of SLC has become
increasingly feasible with advancements in satellite altimetry, which began in 1993,
providing researchers with high-precision observations of sea level anomaly (SLA) and
SLC on a global scale. This technological progress has provided invaluable insights
into the complex nature of SLC and its underlying mechanisms. Satellite data indicate
that from 1993 to 2018, the global mean sea level rose at an average rate of 3.2 mm/yr
(Fox-Kemper et al., 2021), while regional sea levels exhibited more variable trends.
For example, in the western tropical Pacific, sea levels rose by more than 10 mm/yr,
while the eastern tropical Pacific showed slightly negative trends between 1993 and
2005 (Merrifield, 2011; Zhang and Church, 2012; Stammer et al., 2013). In contrast,

the western tropical Pacific experienced slightly negative trends, whereas the eastern
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tropical Pacific saw a rise of over 8 mm/yr from 2006 to 2018 (Hamlington et al., 2020).
The divergence of regional trends from the global mean is primarily due to the low-
frequency variability of sea level, superimposed on the long-term global trend.
Consequently, low-frequency variability (on interannual to decadal timescales) plays a
significant role in studies of regional SLC.

The processes driving SLC can be categorized into two primary mechanisms:
changes in ocean mass and variations in seawater density (or specific volume) (Gill and
Niller, 1973). The seawater density-related component of SLC can be attributed to
changes in both temperature and salinity (Levitus et al., 2005; Antonov et al., 2002;
Nidheesh et al., 2013). These contributions are often classified as thermosteric sea level
anomalies (TSLA) and halosteric sea level anomalies (HSLA), which together form the
total steric sea level anomaly (SSLA). While an increase in temperature causes thermal
expansion, leading to higher sea level, a decrease in salinity also results in water
expansion and sea level rise. Previous studies have identified prominent SSLA
variability associated with the thermosteric component (e.g., Antonov et al. 2002;
Vinogradov et al., 2008; Cheng et al., 2010; Qiu and Chen, 2012; Stammer et al. 2013;
Han et al. 2014; Zhang and Qu et al., 2015). However, the role of ocean salinity, and
thus HSLA, has often been overlooked or underappreciated in the scientific community.
Recent research has increasingly highlighted the significant contributions of HSLA,
especially in the Indo-Pacific region, where salinity variations have been shown to play
a crucial role in influencing SLC (e.g., Suzuki and Ishii, 2011; Kohl, 2014; Nidheesh
etal., 2013; Forget and Ponte, 2015; Jyoti et al., 2019).

Durack et al. (2014) made a key contribution by demonstrating that long-term
halosteric changes at the basin scale in the Pacific Ocean are far more substantial than
previously assumed. Their findings, supported by observed data and coupled climate
models, suggest that HSLA can account for up to 25% of the magnitude of thermosteric
changes, marking a significant shift in the understanding of SLC. Additionally, Wu et
al. (2017) highlighted the great regional significance of HSLA on decadal timescale in
the Pacific Ocean and noted its dominance in the long-term sea level trends in the
Northeast Subtropical Pacific Ocean. In particular, the Southeast Indian Ocean has
emerged as a hotspot for HSLA research due to significant long-term and decadal
changes in salinity (Du et al., 2015; Wu et al., 2021). These salinity variations have
resulted in notable HSLA fluctuations that contribute substantially to SSLA in this
region (Huang et al., 2020; Llovel et al., 2015; Jyoti et al., 2019). Studies in this area
have shown that HSLA contributes approximately 42% to SSLA in long-term trends,
with a substantial proportion, around 60% of this contribution, occurring at depths
between 400 and 1000 meters (Lu et al., 2022). These findings highlight the critical
need to further investigate HSL A and its underlying drivers, especially in regions where

it plays an important role in shaping SLC.
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The South China Sea (SCS), as the largest marginal sea within the tropical Indo-
Pacific region, is connected to the Pacific Ocean through the Luzon Strait to the north
and to the Sulu and Java Seas via several shallow passages to the south. As a semi-
enclosed marginal basin, the SCS experiences considerable salinity variability over
seasonal to decadal timescales (Zeng et al., 2018; Yi et al., 2020; Qi et al., 2022), which
can potentially lead to notable impacts on HSLA. Previous research has indicated that
the sea level in the SCS exhibits substantial decadal variations, which are
predominantly influenced by the Pacific Decadal Oscillation (PDO) (Soumya et al.,
2015; Cheng et al., 2015, 2023; Duan et al., 2025). The PDO, through alterations in
the Walker circulation and surface wind patterns, affects sea levels in the Western
Pacific, which in turn generates westward-propagating oceanic Rossby waves due to
the thermocline changes. Upon reaching the Philippine coast, these waves are
transformed into coastal Kelvin waves that propagate into the SCS via the Sibutu
Passage and the Mindoro Strait (Liu et al., 2011; Zhuang et al., 2013; Li et al., 2021).
While previous studies have focused on the influence of thermocline-related
fluctuations on sea level variability, the role of salinity in regulating SLC in the SCS
has been overlooked. This study aims to address this gap by utilizing three updated
ocean observational datasets and ocean model-based datasets to examine whether
salinity variations in the SCS significantly influence HSLA, and in turn, the decadal
SLC.

The structure of the paper is organized as follows: Section 2 provides the data and
methodology. Section 3 examines the relative contributions of HSLA and TSLA to the
decadal SLC in the SCS. Section 4 investigates the underlying causes of decadal salinity
variations in the upper ocean of SCS. Section 5 presents an analysis of the
spatiotemporal differences in HSLA and TSLA, as well as their combined effects.

Finally, Section 6 presents our discussions and summary.
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2. Data and Methods

2.1 Data

The primary observations for SLA are based on the satellite altimeter. These data
are provided by the Copernicus Environmental Monitoring Services (CMEMS)
program with a spatial resolution of 0.25°x0.25°. Three datasets are used in this study
to calculate the HSLA and TSLA. The first is the Global Ocean Reanalysis and
Simulations version 12 (GLORYS12v1) dataset, which includes monthly mean ocean
temperatures, salinities, and ocean velocities (Jean-Michel et al., 2021). The
GLORYSI12v1 is a reanalysis product based on the Nucleus for European Modeling of
the Ocean model, with a horizontal resolution of 1/12° and 50 vertical levels and
increasing vertical spacing at greater depths, provided by the CMEMS. The second
dataset is from Estimating the Circulation and Climate of the Ocean Phase II (ECCO2,
Menemenlis et al. 2008), with a spatial resolution of 0.25°. ECCO2 data are obtained
via least squares fit of a global, full-depth-ocean, and sea-ice configuration of the
Massachusetts Institute of Technology general circulation model (MITgcm) to the
available satellite and in-situ data. The last dataset is the Institute of Atmospheric
Physics (IAP) gridded temperature and salinity data, with a spatial resolution of 1°x1°
(Cheng et al., 2020, 2024). The IAP data incorporate bias-corrected measurements
from XBTs (including depth, temperature, and probe type corrections), and all available
in situ observations from the World Ocean Database, including CTDs, Argo floats,
bottle samples, MBTs, underwater gliders, and moorings.

To verify the accuracy of the salinity data from GLORYS12vl and IAP, we
compare them with measurements from the Soil Moisture Active Passive (SMAP)
satellite and all profile data from the international Array for Real-time Geostrophic
Oceanography (Argo) project in the SCS. Additionally, precipitation, evaporation,
10-m wind speed, and surface heat flux data from the fifth-generation European Centre
for Medium-Range Weather Forecasts reanalysis dataset (ERAS, Hersbach et al., 2023)
are used to calculate the salinity and heat budget. The PDO index is derived from the
NOAA National Centers for Environmental Information. The time period for all
datasets spans from 1993 to 2023, with monthly averages used as the temporal
resolution. To reveal decadal variability, climatological monthly means (1993-2023)
and long-term trends are subtracted from all datasets, except for the data used in Figure
1. Additionally, a seven-year low-pass filter was applied to calculate the decadal

variations.

2.2 Calculation of the SSLA, HSLA, and TSLA
In this study, the temperature and salinity of the upper 2000m are selected to
calculate TSLA (Equation 1) and HSLA (Equation 2). Here, a represents the specific
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volume, z denotes the depth, and AT and AS refer to the temperature and salinity
anomalies, respectively. These anomalies are calculated by subtracting the
climatological monthly mean temperature and salinity fields from the raw data at each
standard depth (Antonov et al., 2002; Nidheesh et al., 2013). The specific volume (o)
is computed at each standard depth level as a function of the monthly mean temperature
and salinity fields and pressure using the TEOS-10 seawater equation of state (I0C et
al., 2010). The sum of the TSLA and HSLA is the total SSLA (Equation 3).

TSLA = f2000 oa AT d 1
= . 29T Z.... (D
HSLA = j2000 aaAS d 2
= ; PRET: Z.... (2)

2.3 Salinity and Heat Budget
The salinity budget equation in the upper ocean (upper 50m) can be expressed as
follows (Feng et al., 1998; Qi et al., 2022).

i(fffdeV) _ %'UA 7 = Py

o\~ v
_ %( J fl  u(s~[shdydz
_ J L (s —Ishdydz+ J fz V(S ~[Shdxdz - j fs V- [S])dxdz)

1
4

Iff, sav

where S is the upper-ocean mean salinity in every grid, [S]= , represents the

upper-ocean mean salinity in the entire SCS, V and A are the volume and surface area
of the domain, respectively; u and v are the zonal and meridional components of the
upper-ocean mean velocity, respectively; S., represents the salinity at 50m; P is the
precipitation, E is the evaporation; we is the entrainment velocity at 50m, which is
calculated using the continuity equation. RES denotes the residual term of the salinity
budget. Each variable in Equation (4) is decomposed into two components: the
climatological seasonal cycle and an annual perturbation. For example, $ =S + S,
where overbar represents the climatological monthly mean, and prime represents the

anomaly. By neglecting higher-order nonlinear terms, Equation (4) can be rewritten as:
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A

The left-hand side of Equation (5) represents the salinity anomaly tendency (dSa_dt).
The first term on the right-hand side in Equation (5) represents the air-sea freshwater
fluxes (FW), the second term corresponds to the advection (ADV), and the third term
corresponds to the entrainment (ENT). The final term on the right-hand side represents
the residual, which is the difference between tendency and the sum of FW, ADV, and
ENT. The residual includes river runoff and biases arising from the lack of spatial and
temporal resolution in the data.

Similarly, the heat budget equation for the abnormal temperature can be written as
follows (Lee et al.,2004; Zhang etal, 2018).

m(fff;dV) L

——Uf W(T — [T]) + u'(T = [T dydz
121°E

ff W(T — [T]) + w' (T = [[Ddydz
105°E
ff B(T — [T]) +v'(T = [T])dxdz
24°N
ff BT — [T]) +v' T | ])dxdz)
5°N
-7 f W ([T] = T_,) +w_ (T =T_p) dxdy + RES ... ...(6)
A

where p=1025 kg/m?, €,=4000 J/(kg-°C), and h=200m are the reference density, heat

JIf, Tav
4

capacity of seawater, and the calculated depth, respectively. [T]= , represents the

200m mean temperature in the entire SCS. The net surface heat flux Q,.; is the sum
of latent heat flux, sensible heat flux, shortwave radiation, and longwave radiation. The
left-hand side of Equation (6) represents the temperature tendency (dTa_dt) and the four
terms on the right-hand side represent the net surface heat flux (SHF), ADV, ENT, and

the residual, respectively.
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3. Contribution of the HSLA and TSLA to Decadal SLC in the SCS

Satellite altimeter data reveal significant decadal SLC in the SCS, with the largest
standard deviation (STD) values observed in the strip-like regions west of Luzon Island
(Figure 1a). Previous studies have suggested that these strip-like sea level signals are
driven by westward-propagating Rossby waves in the thermocline, originating from the
Western Pacific (Zhuang et al., 2013; Cheng et al., 2023). The Rossby wave signals
from the Western Pacific propagate westward in the form of coastal Kelvin waves
around the Philippine Islands. Upon reaching the western coast of the Philippines, these
Kelvin waves transform into Rossby waves and continue to propagate westward. South
of the Mindoro Strait, Palawan Island restricts the westward propagation of oceanic
fluctuation signals within the Sulu Sea. In contrast, coastal Kelvin wave signals that
pass through the Mindoro Strait can propagate unimpeded into the SCS. As a result, the
oceanic fluctuation signals in the thermocline of the SCS are confined to a strip-like
region north of the Mindoro Strait. Interestingly, other areas within the SCS also exhibit
high SLA STD values, with most regions exceeding 12 mm. These regions are less
influenced by oceanic fluctuations in the thermocline, raising the question: Does HSLA
related to salinity play a role in decadal SLC? Our results show consistently high
decadal salinity STD values throughout the basin, exceeding 0.2 PSU in the southern
SCS and reaching up to 0.16 PSU in the northern regions (Figure 1b), suggesting the
potential role of salinity on SLC.

Moreover, multi-source data indicate significant decadal variations in surface
salinity across the SCS, closely aligning with the observed trend of negative SLA
(Figure 1c). Specifically, salinity exhibits a declining trend from 1993 to 2001 and from
2005 to 2013, while an increasing trend is observed between 2001 and 2005, as well as
from 2013 to 2017. Salinity anomaly exhibits consistent variation in the upper 50m,
with the magnitude of change diminishing with depth (Figure 1d). Therefore, the upper
50m salinity was adopted in this study. The power spectral analyses of both sea level
(Figure 2a) and mean salinity in the upper 50m of the SCS (Figure 2b) reveal
prominent peaks in the 8-13-year band, along with secondary peaks in the 4-6-year
range, likely linked to the interannual variability driven by El Nifio-Southern
Oscillation (ENSO). After applying a 7-year low-pass filter to exclude interannual
signals, we find that both salinity and sea level in the SCS are highly correlated with
the PDO index with correlation coefficients of 0.81 and -0.78, respectively (Figure 2c¢).
The correlation coefficient between salinity anomaly and SLA reaches up to -0.91.
These results suggest that the significant decadal variations in upper-ocean salinity may
influence HSLA changes, which further contribute to the decadal SLC. However, the
exact contribution of HSLA remains unclear.

The GLORYS12vl, ECCO2 and IAP datasets were utilized to assess the
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contributions of the SSLA, HSLA, and TSLA to the decadal variation in SLA. The
SSLA calculated using GLORYS12v1 is highly consistent with the total SLA on
decadal timescale, with a correlation coefficient of 0.97 (Figure 3a). This suggests that
the decadal sea level variability in the SCS is largely driven by SSLA, and the
GLORYSI12vl data effectively captures the decadal SLA change. The correlation
coefficient between TSLA and SLA is 0.80, with TSLA leading SLA by 8 months and
accounting for 24.9% of the SLA variance (calculated as the ratio of the TSLA variance
to the SLA variance). The correlation coefficient between HSLA and SLA is 0.84, with
HSLA lagging SLA by 7 months and explaining 28.1% of the SLA variance (calculated
as the ratio of the HSLA variance to the SLA variance), which exceeds TSLA. These
results imply that the contribution of salinity to decadal SLA variability may exceed
that of temperature. We analyze three rising and two decreasing stages of SLA from
1995 to 2023 to further quantify the TSLA and HSLA effects. The trends are derived
using a linear fit for each data point within the rising or decreasing stages. During the
SLA rising stage, the mean rate of sea level rise in the SCS was 8.29 mm/year (Figure
3b), and the SSLA rise rate was 7.45 mm/year, contributing 90% of the total SLA
increase (Figure 3c¢). Both SLA and SSLA indicate a general rise across the entire SCS
basin, with the highest rate of increase observed in strip-like zones located west of
Luzon. The HSLA rise is consistent throughout the whole basin, with a rate of 3.54
mm/year, accounting for 43% of the SLA increase (Figure 3d), slightly lower than the
3.91 mm/year contributed by the TSLA (Figure 3e). The TSLA rises mainly in the strip-
like zones west of Luzon Island and Luzon Strait, with no significant upward trend
observed in other areas. During the decline phase, the mean rate of sea level decrease
in the SCS is 12.81 mm/year (Figure 3f), and the SSLA rise rate is 10.86 mm/year,
contributing 85% to the overall SLA decrease (Figure 3g). Both SLA and SSLA show
a consistent decline across the basin, with the most significant decrease occurring in the
west of Luzon Island. Notably, the contribution of HSLA during this phase is 6.74
mm/year, accounting for 53% of the SLA reduction (Figure 3h), significantly
surpassing the 4.12 mm/year contribution of TSLA (Figure 3i). Overall, the HSLA
accounts for 55% of SSLA changes and 48% of total decadal SLC, surpassing the TSLA
contributions of 45% and 40%, respectively. These results suggest that HSLA play a
significant role in the decadal SLC in the SCS. HSLA exhibits uniform variations across
the basin, while TSLA variations are more localized, predominantly in the eastern basin
and the strip-like zones west of Luzon Island.

The results derived from ECCO2 data show similar conclusion. The SSLA
calculated using ECCO?2 is highly consistent with the total SLA on decadal timescales,
with a correlation coefficient of 0.96 (Figure 4a). The correlation coefficient between
TSLA and SLA is 0.83, with TSLA leading SLA by 4 months, explaining 29.7% of the
SLA variance. The correlation coefficient between HSLA and SLA is 0.93, with HSLA
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lagging SLA by 6 months and explaining 31.9% of the SLA variance, surpassing the
contribution of TSLA. During the SLA rising stage, the SSLA increase rate was 7.97
mm/year, contributing 96% of the total SLA increase (Figure 4c). The HSLA rise is
consistent across the entire basin, with a rate of 4.34 mm/year, accounting for 52% of
the SLA increase (Figure 4d), higher than the 3.63 mm/year contributed by the TSLA
(Figure 4e). The TSLA rises mainly in the strip-like zones west of Luzon Island and
Luzon Strait, with no significant upward trend observed in other areas. During the SLA
decline phase, the SSLA decrease rate is 12.34 mm/year, contributing 96% to the overall
SLA decrease (Figure 4g). Both SLA and SSLA show a consistent decline across the
basin, with the most significant decrease occurring in the west of Luzon Island. The
contribution of HSLA during this phase is 7.34 mm/year, accounting for 57% of the
SLA decrease (Figure 4h), significantly surpassing the 5.00 mm/year contribution of
TSLA (Figure 4i). Overall, the HSLA accounts for 57% of SSLA changes and 55% of
total decadal SLC, surpassing the TSLA contributions of 43% and 41%, respectively.
Compared with GLORYS data, the contribution of salinity calculated by ECCO2 is
significantly higher than that of temperature in both the rising and falling stages of sea
level in the South China Sea, which enhances the robustness of the conclusion.
Furthermore, we also examine the IAP data and reach similar conclusions that the
SSLA explains most of the decadal sea level variations in the SCS. Although the
contribution of the HSLA is slightly smaller than TSLA’s during the rising phase, it
exceeds TSLA’s contribution during the declining phase (Figure 5). The HSLA
consistently influences the entire basin, whereas the impact of TSLA was concentrated
primarily in the eastern part of the SCS. However, due to the limited resolution of the
IAP dataset, SLCs in many shallow areas are not represented, leading to a potential

underestimation of the contribution from HSLA.
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Figure 1 Standard deviation of the (a) SLA (units: mm) and (b) sea surface salinity
anomaly (SSSa, units: PSU) after applying a 7-year low-pass filter. The black rectangle
in (a) denotes the region of the SCS (105-121°E, 5-24°N) in this study. (¢) Time series
of multi-source sea surface salinity anomaly and SLA averaged over the SCS. The blue,
pink, orange, and green thin lines represent the IAP, Argo, ECCO2, and SMAP salinity
data, with the corresponding thick lines indicating the data after a 12-month sliding
average, respectively. The black line represents the negative SLA from satellite
altimeter and the blue bar shows the GLORYS12vl salinity data after a 12-month
sliding average. (d) Time series of salinity anomaly at different depths averaged over
the SCS. The black lines represent the mean salinity of upper 50m used in the
manuscript.
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Figure 2 Power Spectral density of (a) 50 m mean salinity anomaly and (b) SLA. The
orange lines represent the 95% confidence level. (¢) Time series of Pacific Decadal
Oscillation (PDO) index (orange bar), 50-m mean salinity anomaly (blue line), and
negative SLA (black line, units: dm) after 7-year low-pass filtering.
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(b) SLA (mean=8.29) (c) SSLA (7.45, 90%) (d) HSLA (3.54, 43%) (e) TSLA (3.91, 47%)
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Figure 3 Contribution of SSLA, HSLA and TSLA to decadal SLC. SLA is derived from
the satellite altimeter and the SSLA, HSLA, and TSLA are calculated from GLORYS.
(a) Time series of SLA (black line), SSLA (green line), HSLA (blue line), and TSLA
(orange line) after applying a 7-year low-pass filter. Regional distribution of the SLA
(b), SSLA (c), HSLA (d), TSLA (e) trend during SLA rising stage. The values in
brackets represent the average trends in the SCS and their proportions relative to the
overall SLA trend. (f)-(i) Same as (b)-(e), but for the SLA declining stage.
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Figure 5 Same as Figure 3, but using satellite altimeter and IAP data.

4. Spatial Differences of HSLA and TSLA changes
Both HSLA and TSLA contribute to the decadal SLC in the SCS, with HSLA

having a larger proportion. However, their contributions vary significantly across
different depths and regions. To further explore these contributions, we calculated the
changes in temperature and salinity anomalies at various depths over time in the SCS.
All three datasets show significant decadal variations in salinity anomalies (Figure 6a,
6¢c, &6e) and temperature anomalies (Figure 6b, 6d, &6f). The decadal variation in
salinity anomalies is manifested as a strengthening of the surface layer, with the most
pronounced changes occurring within the upper 50 meters. This effect diminishes with
depth and gradually disappears below 150 meters. This is primarily attributed to the
influence of freshwater forcing, which is most prominent in the mixed layer.
Furthermore, horizontal advection, driven by salinity gradients and ocean currents
which weaken with depth, also remains concentrated in the mixed layer. In contrast, the
maximum decadal variation in temperature anomalies occurs within the thermocline,
between 50 and 200 meters, with the effect diminishing below 200 meters. This

behavior is associated with the thermocline adjustments, as previously mentioned,
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which are primarily driven by wave propagation. When the thermocline deepens, the
upper warm water layer thickens, leading to an increase in sea surface height.
Conversely, when the thermocline shallows, the upper water layer thins, resulting in a
decrease in sea surface height. Besides, Temperature variations above 50 m exhibit
distinct periods, and these variations are out of phase with those within the 50-200 m
layer. This suggests that the controlling factors of temperature variations in the surface
layer and the thermocline differ to some extent. In the surface layer, the influence of
oceanic fluctuations diminishes, and horizontal heat transport along with surface heat
flux may play a more significant role.

To more clearly illustrate the contribution of temperature and salinity changes at
different depths to sea level, The 0-2000m water column is divided into three layers: 0-
50m (upper ocean), 50-200m (thermocline layer), and 200-2000m (middle and deep
layers). Figure 7a shows the proportion of contributions to TSLA and HSLA at
different depths during sea-level rise and decline stages, based on GLORYS. HSLA
changes primarily result from salinity variations in the 0-50m range, accounting for
70%, and approximately 30% in the 50-200m range. In contrast, TSLA changes are
predominantly driven by temperature variations in the thermocline (50-200m),
exceeding 65%, while its contribution in the 0-50m range is less than 25%. In the 200-
2000m range, both temperature and salinity contribute less than 10% to TSLA and
HSLA, respectively. These findings are supported by the ECCO2 (Figure 7b) and IAP
dataset (Figure 7¢), where the temperature changes in the 50-200m range contribute
even more significantly to TSLA, reaching up to 80%. Furthermore, we calculate the
proportion of HSLA to SSLA in each grid of the SCS, and highlight the HSLA/TSLA
dominant regions with blue/red. Results derived from both GLORYS and ECCO2 show
that HSLA dominates the decadal variation of SSLA in the southern and shallow regions
of the SCS, while TSLA is more influential in the strip-like zones west of Luzon Island
and Luzon Strait (Figure 8a & 8b). Results from AP also yield similar conclusions;
however, due to the limitations in data resolution, its results are less accurate compared

to the other two datasets (Figure 8c¢).
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404  Figure 6 Evolutions of salinity anomalies in the upper 300 m averaged over the SCS
405  region after applying a 7-year low-pass filter derived from (a) GLORYS, (¢) ECCO2,
406  and (e) IAP. (b), (d), and (f) are as in (a), (c), and (e), but for temperature anomalies.
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Figure 7 Contributions of the HSLA and TSLA at different depths during the SLA
rising and declining stages using (a) GLOTYS, (b) ECCO2, and (c¢) IAP data. Black,
blue, pink, and green bars represent contributions in the full depth range (0-2000m), 0—
50m, 50-200m, and 200-2000m, respectively.
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Figure 8 Regional distribution of the HSLA proportion relative to the SSLA based on
(a) GLORYS, (b) ECCO2, and (c¢) IAP. HSLA/TSLA dominant regions are in blue/red.

5. Causes of decadal variations of salinity and temperature in the SCS
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Even though salinity is influential on the decadal SLC by affecting the HSLA in
the SCS, the underlying causes of such decadal salinity variations remain unclear. To
address this issue, we conduct a budget analysis of upper-ocean salinity, synthesizing
the three decline stages and the two rising stages of salinity from 1993 to 2023, where
salinity increases correspond to decreases in sea level. The analysis is conducted to a
depth of 50 meters, as indicates in Figure 7, which show the majority of the salinity
contribution to sea level change comes from the upper 50 m. The results from GLORY'S
and ECCO2 (Figure 9a & b) datasets show nearly identical conclusion. During the
salinity decline phase, the FW dominates the salinity change, accounting for over 90%,
with oceanic ADV contributing positively at around 30%. In contrast, during the
salinity rise phase, ADV becomes the dominant contributor, accounting for more than
65%, while FW continues to play a significant role, contributing approximately 44%.
Note that the influence of ADV was primarily due to the advection through the Luzon
Strait (ADV-LS), where high-salinity waters from the Kuroshio current enter the SCS
and influence the salinity. ADV-LS accounts for about 75% of the total ADV during the
salinity rise phase and more than 90% during the decline phase. The influence of the
ENT term is weak, and the residual may arise from biases related to the spatial and
temporal resolution of the data and underestimated ENT term in monthly data. Overall,
SCS salinity variability is predominantly controlled by FW and ADV-LS, with FW
playing a dominant role during the salinity decline phase and ADV-LS being more
important during the salinity rise phase. This pattern is because the SCS is located in
the deep convection zone of the warm pool, where local precipitation is the main source
of seawater freshening, while salty water advected from the Western Pacific through
the Luzon strait is the main source of seawater salinization.

Previous studies have indicated that the PDO can influence both precipitation in
the SCS and Kuroshio intrusion from the Luzon Strait (Yu et al., 2013; Zeng et al.,
2018; Chen et al., 2020), both of which are significant factors in altering the salinity of
the SCS. Our results further corroborate these findings. The analysis reveals that the
PDO is significantly correlated with both FW and negative ADV-LS, with correlation
coefficients of 0.78 and 0.71, respectively (Figure 10a). This suggests that the PDO
influences upper-ocean salinity changes in the SCS by modulating the FW and the
salinity advection associated with the Kuroshio intrusion. It is worth mentioning that
previous studies based on high-resolution Hybrid Coordinate Ocean Model (HY COM)
and eddy-resolving OGCM for the Earth Simulator (OFES) data have concluded that
during the positive (negative) PDO phase, the Kuroshio intrusion is enhanced
(weakened) (Yu et al., 2013; Chen et al., 2020). Given the warm, high-salinity nature
of Kuroshio water, this enhanced (weakened) intrusion leads to stronger (weaker)
salinity advection, which increases (decreases) salinity in the SCS, consistent with the
conclusions derived from GLORYS and ECCO2. The consistency between the models
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and reanalysis data further strengthens the credibility of our conclusions.

Since FW plays a significant role in driving salinity changes in the SCS, we next
synthesize the evaporation minus precipitation (E-P) and wind field during the positive
and negative phases of PDO (Figure 10b & c). During the positive (negative) PDO
phase, westerly (easterly) wind anomalies occur in the western equatorial Pacific Ocean,
accompanied by an anomalous descending (ascending) branch of the Walker circulation
and anticyclonic (cyclonic) surface wind anomalies over the SCS. These anomalous
atmospheric circulation patterns result in increased (reduced) E-P and salinity.
Precipitation is the major contributor to FW variability in both PDO phases, while
evaporation plays a minor positive role (Figure 11).

Besides salinity, we also aim to investigate the causes of decadal temperature
variations. Since temperature changes are primarily concentrated between 50-200 m,
we calculated the heat budget for the upper 200 m of the SCS. Not surprisingly, the
results from both GLORYS and ECCO2 indicate that the ENT term dominates the
decadal temperature variations in the SCS (Figure 12a & b), suggesting that the
variations are primarily driven by oceanic fluctuation processes, which is consistent
with previous studies (Zhuang et al., 2013; Cheng et al., 2015). Interestingly, both
datasets show that ADV and SHF contribute oppositely, accounting for approximately
-20% and -2%, respectively. As noted in earlier analyses, during the positive (negative)
phase of the PDO, the SCS experiences high-pressure anticyclonic (low-pressure
cyclonic) anomalies, accompanied by an intensification (reduction) of the intrusion of
warm, high-salinity water from the Kuroshio Current. Consequently, both surface heat
flux and advection exhibit positive (negative) anomalies. However, during the positive
(negative) phase of the PDO, anomalous westward (eastward) winds in the western
Pacific induce upwelling (downwelling) Rossby waves that propagate into the SCS,
weakening (deepening) the thermocline and resulting in negative (positive) heat
anomalies in the upper 200 m of the SCS. The effects of oceanic fluctuations and
oceanic advection and surface heat flux are thus counteracting. The oceanic fluctuation
processes exert a more significant impact on the thermal content of the seawater,
thereby dominating the sea level change.

Taken together, the factors influencing the decadal variability of temperature and
salinity in the SCS can be categorized into three main types: oceanic fluctuations
propagated from the western Pacific, oceanic advection (Kuroshio intrusion), and
changes in atmospheric conditions. Each of these factors is influenced to varying
degrees by the PDO, and their effects on temperature and salinity differ. Since the
temperature gradient is greatest in the thermocline, while the salinity gradient is most
pronounced in the surface layer, oceanic fluctuations in the thermocline primarily
govern temperature variability but contribute little to salinity changes. The variability

in the intensity of Kuroshio intrusions, which transport high-temperature, high-salinity
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water, leads to co-varying temperature and salinity changes, but with opposite
contributions to sea level. Additionally, changes in atmospheric conditions result in
variations in sea surface heat flux and freshwater flux, with freshwater flux having a
significant impact on salinity changes. The atmospheric and oceanic processes
modulated by the PDO together constitute a complex system driving the decadal SLC

in the SCS.
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Figure 9 Regional mean salinity budget during the salinity rising and declining stages
based on (a) GLORYS and (b) ECCO2 data. DSa _dt represents the salinity anomaly
tendency, FW denotes the freshwater flux term, ADV represents the total advection
terms, ENT represents the entrainment term, and RES indicates the residual term; ADV-
LS represents the zonal salinity advection across 121°E through the Luzon Strait. The
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Figure 12 Regional mean heat budget from upper 200m during the temperature rising
and declining stages based on (a) GLORYS and (b) ECCO2 data. dTa_dt represents the
temperature anomaly tendency, SHF denotes the surface heat flux term, ADV represents
the total advection terms, ENT represents the entrainment term, and RES indicates the
residual term. The error bars indicate one standard error.

6. Summary and Discussions

In this study, we find a significant decadal variation of upper-ocean salinity in the
SCS, which is modulated by the FW and ADV-LS associated with the PDO. Such
salinity variation further induces changes in HSLA. Our results indicate that, for the
entire SCS basin, the HSLA plays a substantial role in the decadal SLC, accounting for
approximately 55% of SSLA variation and 48% of overall SLA variation, surpassing
the contributions of TSLA with 45% and 40%, respectively. The HSLA demonstrates a
consistent trend across the basin and has a dominant influence on the southern and
shallow waters of the SCS. Zeng et al. (2018) reported a steady continuous decreasing
trend in upper-ocean salinity in the SCS from 1993 to 2012. We refine this conclusion
using multi-source data and show a significant decadal variation in upper-ocean salinity
in the SCS, with a period of 8-13 years. Previous results may be hindered by data
limitations and uneven seasonal coverage between 2000 and 2010 (Zeng et al., 2016).

In addition to the density changes influencing sea level as discussed, Cheng et al. (2010)
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also highlighted that changes in the mass of seawater in the SCS can affect sea level.
Our study also shows that, for the narrow coastal waters, SSLA cannot fully reflect the
changes in SLA, where the mass contribution may dominate (Figures 3c&g, 4¢c & g).
However, since the SSLA trend accounts for more than 85% of the total variation, it is
evident that mass-induced SLC only has a minor impact on decadal SLC in the entire
SCS.

Previous studies suggest that the decadal SLC in the SCS is driven by westward-
propagating ocean waves in the thermocline originating from the Western Pacific
(Zhuang et al., 2013; Li et al., 2021; Cheng et al., 2023). Our results refine this
understanding. Building upon the previous research with our results, we present the
schematic diagram of thermohaline co-controlled decadal SLC in the SCS (Figure 13a
& b). During the positive (negative) PDO phase, westerly (easterly) anomalies occur
in the western equatorial Pacific, accompanied by anomalous descending (ascending)
branches of the Walker circulation and anticyclonic (cyclonic) surface wind anomalies
in the SCS. For the thermocline processes, the anomalous wind fields in the western
equatorial Pacific generate westward-propagated upwelling (downwelling) Rossby
waves, which transform into coastal Kelvin waves off the Philippines, leading to a
shallowing (deepening) of the thermocline in the SCS, a decrease (increase) in the heat
content of the water column, and low (high) TSLA. For the upper ocean processes, the
anticyclonic (cyclonic) surface wind anomalies in the SCS corresponding to increased
(decreased) evaporation and reduced (increased) precipitation, which, combined with
PDO-induced enhanced (weakened) salinity advection by the Kuroshio intrusion, cause
high (low) salinity anomaly, resulting in low (high) HSLA. The TSLA changes are
primarily reflected in the thermocline, while the HSLA changes are mainly reflected in
the upper ocean. The combined effects of the HSLA and TSLA shape the decadal SLC
in the SCS.

As mentioned earlier, the HSLA and TSLA exhibit a certain lead-lag relationship.
Therefore, we calculate the lead-lag correlation between the PDO, SLA, HSLA, and
TSLA (Figure 14a). The analysis reveals that TSLA leads the PDO by 8 months, while
HSLA lags the PDO by 13 months, collectively resulting in the SLA in the SCS lagging
behind the PDO by 5 months. The lag of HSLA can be explained by the lag of salinity
anomalies to the FW and ADV-LS (Figure 14b). Specifically, the salinity anomalies
lag behind the FW in ADV-LS by 12 and 17 months, respectively, while the lead-lag
phase of PDO with FW and ADV-LS was less than 5 months (Figure 10a). This delay
reflects the average response time needed for decadal salinity anomalies in the SCS to
adjust to changes in the fresh water forcing and ocean advection. In other words, it
represents the time required for precipitation and high-salinity water intrusion from the
Luzon Strait to be averaged and diffused throughout the upper ocean of the SCS. In
contrast to HSLA, although the lead of TSLA can also be observed from previous
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studies (Cheng et al., 2015, 2023), the underlying physical mechanisms remain unclear.
It is speculated that this may be linked to the interaction between the PDO and the
Western Pacific wind field, as the variations in TSLA over the SCS are believed to
originate from the wind field in the Western Pacific. Since the PDO is defined by the
EOF of sea surface temperatures in the North Pacific, it does not directly drive changes
in the western Pacific wind field; rather, they may be coupled. As such, the western
Pacific wind field could lead the PDO, causing the TSLA of the SCS to precede the
PDO, as also observed in Duan et al. (2025). This issue warrants further exploration by
future researchers.

This study revises previous interpretations of decadal SLC in the SCS,
highlighting the significant role of salinity which had been overlooked by previous
studies. It underscores that in semi-enclosed ocean basins like the SCS, changes in
upper-layer salinity, driven by precipitation and oceanic advection, can significantly
influence sea level variations. These salinity-induced changes, in conjunction with
TSLA driven by oceanic wave processes, jointly contribute to shaping the regional SLC.
The conclusions of this study have important implications for both the understanding
and prediction of SLC, not only in the SCS but also in other semi-enclosed and coastal
regions. Given the increasing impact of climate change on precipitation patterns (Chou
et al., 2009; Xie et al., 2010), the role of salinity in driving sea level changes may
become more pronounced. These insights could enhance the accuracy of sea level
models and projections, improving our ability to assess coastal vulnerability, inform
policy decisions, and guide adaptation strategies. Understanding the synergistic
influence of temperature and salinity on sea level is essential for predicting future SLC
and mitigating the risks associated with rising sea levels, particularly in densely

populated and ecologically sensitive regions.
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Figure 13 Schematic diagram of decadal SLC in the SCS during (a) positive PDO phase
and (b) negative PDO phase.
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Data Availability Statement

Satellite altimeter SLA data and GLORYS12vl data are derived from Copernicus
Marine Environment Monitoring Service (CMEMS) at https://doi.org/10.48670/moi-
00148 and https://doi.org/10.48670/moi-00021. ECCO2 gridded temperature and salinity
data is available from
https://ecco.jpl.nasa.gov/drive/files/ECCO2/cube92 latlon quart 90S90N/monthly.

IAP  gridded temperature and  salinity data is  available from
http://www.ocean.iap.ac.cn/pages/dataService/dataService.html?languageType=en&n
avAnchor=dataService. The ERAS5 data is from the Copernicus Climate Change
Service (C3S) Climate Data Store at https://cds.climate.copernicus.eu/datasets/reanalysis-
eraS-single-levels-monthly-means?tab=overview (DOI: 10.24381/¢ds.f17050d7). The
Pacific Decadal Oscillation (PDO) index is available at
https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/index/ersst.v5.pdo.dat. The
salinity data from SMAP and  Argo are derived from
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