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Abstract 23 

Sea level change (SLC) in the South China Sea (SCS) is primarily driven by variations 24 

in ocean density, which are influenced by temperature and salinity. These density-25 

driven effects, known as thermosteric and halosteric sea level anomalies (TSLA and 26 

HSLA), together contribute to steric sea level anomaly (SSLA). Previous studies have 27 

shown the significant role of TSLA. However, based on multi-source data, our analysis 28 

reveals that salinity plays a substantial role. We find that salinity changes in the upper 29 

ocean of the SCS exhibit a pronounced decadal variation, and the HSLA accounts for 30 

55% of SSLA variations, and 48% of total decadal SLC, surpassing the contributions 31 

of TSLA with 45% and 40%, respectively. The Pacific Decadal Oscillation is an 32 

important factor in driving these salinity changes in the SCS, as it influences 33 

precipitation over the SCS and high-salinity water intrusion from Luzon Strait. The 34 

HSLA, hence, uniformly changes across the basin, with salinity changes in the upper 35 

50m contributing 70%. While, TSLA changes primarily arise from temperature 36 

variation in the 50-200 m layer within strip-like zones located west of Luzon Island. 37 

TSLA dominates SSLA changes in this region, whereas HSLA plays a dominant role in 38 

the southern and shallow areas of the SCS. These combined effects of the HSLA and 39 

TSLA shape the decadal SLC in the SCS. This study highlights the potential role of 40 

salinity in the complex regional SLC, providing valuable insights for future studies. 41 
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1. Introduction 46 

As one of the crucial outcomes of climate change, the sea level change (SLC) has 47 

significant social and economic implications and exerts a considerable influence on 48 

ecosystems and human livelihoods (Nicholls et al., 2023; Frederikse et al., 2020; 49 

Durand et al., 2022; Roy et al., 2023). Understanding the drivers of SLC is therefore 50 

crucial to predict and mitigate its impacts. The global monitoring of SLC has become 51 

increasingly feasible with advancements in satellite altimetry, which began in 1993, 52 

providing researchers with high-precision observations of sea level anomaly (SLA) and 53 

SLC on a global scale. This technological progress has provided invaluable insights 54 

into the complex nature of SLC and its underlying mechanisms. Satellite data indicate 55 

that from 1993 to 2018, the global mean sea level rose at an average rate of 3.2 mm/yr 56 

(Fox-Kemper et al., 2021), while regional sea levels exhibited more variable trends. 57 

For example, in the western tropical Pacific, sea levels rose by more than 10 mm/yr, 58 

while the eastern tropical Pacific showed slightly negative trends between 1993 and 59 

2005 (Merrifield, 2011; Zhang and Church, 2012; Stammer et al., 2013). In contrast, 60 

the western tropical Pacific experienced slightly negative trends, whereas the eastern 61 



tropical Pacific saw a rise of over 8 mm/yr from 2006 to 2018 (Hamlington et al., 2020). 62 

The divergence of regional trends from the global mean is primarily due to the low-63 

frequency variability of sea level, superimposed on the long-term global trend. 64 

Consequently, low-frequency variability (on interannual to decadal timescales) plays a 65 

significant role in studies of regional SLC. 66 

The processes driving SLC can be categorized into two primary mechanisms: 67 

changes in ocean mass and variations in seawater density (or specific volume) (Gill and 68 

Niller, 1973). The seawater density-related component of SLC can be attributed to 69 

changes in both temperature and salinity (Levitus et al., 2005; Antonov et al., 2002; 70 

Nidheesh et al., 2013). These contributions are often classified as thermosteric sea level 71 

anomalies (TSLA) and halosteric sea level anomalies (HSLA), which together form the 72 

total steric sea level anomaly (SSLA). While an increase in temperature causes thermal 73 

expansion, leading to higher sea level, a decrease in salinity also results in water 74 

expansion and sea level rise. Previous studies have identified prominent SSLA 75 

variability associated with the thermosteric component (e.g., Antonov et al. 2002; 76 

Vinogradov et al., 2008; Cheng et al., 2010; Qiu and Chen, 2012; Stammer et al. 2013; 77 

Han et al. 2014; Zhang and Qu et al., 2015). However, the role of ocean salinity, and 78 

thus HSLA, has often been overlooked or underappreciated in the scientific community. 79 

Recent research has increasingly highlighted the significant contributions of HSLA, 80 

especially in the Indo-Pacific region, where salinity variations have been shown to play 81 

a crucial role in influencing SLC (e.g., Suzuki and Ishii, 2011; Kohl, 2014; Nidheesh 82 

et al., 2013; Forget and Ponte, 2015; Jyoti et al., 2019).  83 

Durack et al. (2014) made a key contribution by demonstrating that long-term 84 

halosteric changes at the basin scale in the Pacific Ocean are far more substantial than 85 

previously assumed. Their findings, supported by observed data and coupled climate 86 

models, suggest that HSLA can account for up to 25% of the magnitude of thermosteric 87 

changes, marking a significant shift in the understanding of SLC. Additionally, Wu et 88 

al. (2017) highlighted the great regional significance of HSLA on decadal timescale in 89 

the Pacific Ocean and noted its dominance in the long-term sea level trends in the 90 

Northeast Subtropical Pacific Ocean. In particular, the Southeast Indian Ocean has 91 

emerged as a hotspot for HSLA research due to significant long-term and decadal 92 

changes in salinity (Du et al., 2015; Wu et al., 2021). These salinity variations have 93 

resulted in notable HSLA fluctuations that contribute substantially to SSLA in this 94 

region (Huang et al., 2020; Llovel et al., 2015; Jyoti et al., 2019). Studies in this area 95 

have shown that HSLA contributes approximately 42% to SSLA in long-term trends, 96 

with a substantial proportion, around 60% of this contribution, occurring at depths 97 

between 400 and 1000 meters (Lu et al., 2022). These findings highlight the critical 98 

need to further investigate HSLA and its underlying drivers, especially in regions where 99 

it plays an important role in shaping SLC. 100 



The South China Sea (SCS), as the largest marginal sea within the tropical Indo-101 

Pacific region, is connected to the Pacific Ocean through the Luzon Strait to the north 102 

and to the Sulu and Java Seas via several shallow passages to the south. As a semi-103 

enclosed marginal basin, the SCS experiences considerable salinity variability over 104 

seasonal to decadal timescales (Zeng et al., 2018; Yi et al., 2020; Qi et al., 2022), which 105 

can potentially lead to notable impacts on HSLA. Previous research has indicated that 106 

the sea level in the SCS exhibits substantial decadal variations, which are 107 

predominantly influenced by the Pacific Decadal Oscillation (PDO) (Soumya et al., 108 

2015; Cheng et al., 2015, 2023; Duan et al., 2025). The PDO, through alterations in 109 

the Walker circulation and surface wind patterns, affects sea levels in the Western 110 

Pacific, which in turn generates westward-propagating oceanic Rossby waves due to 111 

the thermocline changes. Upon reaching the Philippine coast, these waves are 112 

transformed into coastal Kelvin waves that propagate into the SCS via the Sibutu 113 

Passage and the Mindoro Strait (Liu et al., 2011; Zhuang et al., 2013; Li et al., 2021). 114 

While previous studies have focused on the influence of thermocline-related 115 

fluctuations on sea level variability, the role of salinity in regulating SLC in the SCS 116 

has been overlooked. This study aims to address this gap by utilizing three updated 117 

ocean observational datasets and ocean model-based datasets to examine whether 118 

salinity variations in the SCS significantly influence HSLA, and in turn, the decadal 119 

SLC.  120 

The structure of the paper is organized as follows: Section 2 provides the data and 121 

methodology. Section 3 examines the relative contributions of HSLA and TSLA to the 122 

decadal SLC in the SCS. Section 4 investigates the underlying causes of decadal salinity 123 

variations in the upper ocean of SCS. Section 5 presents an analysis of the 124 

spatiotemporal differences in HSLA and TSLA, as well as their combined effects. 125 

Finally, Section 6 presents our discussions and summary.  126 



2. Data and Methods 127 

2.1 Data 128 

The primary observations for SLA are based on the satellite altimeter. These data 129 

are provided by the Copernicus Environmental Monitoring Services (CMEMS) 130 

program with a spatial resolution of 0.25°×0.25°. Three datasets are used in this study 131 

to calculate the HSLA and TSLA. The first is the Global Ocean Reanalysis and 132 

Simulations version 12 (GLORYS12v1) dataset, which includes monthly mean ocean 133 

temperatures, salinities, and ocean velocities (Jean-Michel et al., 2021). The 134 

GLORYS12v1 is a reanalysis product based on the Nucleus for European Modeling of 135 

the Ocean model, with a horizontal resolution of 1/12° and 50 vertical levels and 136 

increasing vertical spacing at greater depths, provided by the CMEMS. The second 137 

dataset is from Estimating the Circulation and Climate of the Ocean Phase II (ECCO2, 138 

Menemenlis et al. 2008), with a spatial resolution of 0.25°. ECCO2 data are obtained 139 

via least squares fit of a global, full-depth-ocean, and sea-ice configuration of the 140 

Massachusetts Institute of Technology general circulation model (MITgcm) to the 141 

available satellite and in-situ data. The last dataset is the Institute of Atmospheric 142 

Physics (IAP) gridded temperature and salinity data, with a spatial resolution of 1°×1° 143 

(Cheng et al., 2020, 2024). The IAP data incorporate bias-corrected measurements 144 

from XBTs (including depth, temperature, and probe type corrections), and all available 145 

in situ observations from the World Ocean Database, including CTDs, Argo floats, 146 

bottle samples, MBTs, underwater gliders, and moorings. 147 

To verify the accuracy of the salinity data from GLORYS12v1 and IAP, we 148 

compare them with measurements from the Soil Moisture Active Passive (SMAP) 149 

satellite and all profile data from the international Array for Real-time Geostrophic 150 

Oceanography (Argo) project in the SCS. Additionally, precipitation, evaporation,  151 

10-m wind speed, and surface heat flux data from the fifth-generation European Centre 152 

for Medium-Range Weather Forecasts reanalysis dataset (ERA5, Hersbach et al., 2023) 153 

are used to calculate the salinity and heat budget. The PDO index is derived from the 154 

NOAA National Centers for Environmental Information. The time period for all 155 

datasets spans from 1993 to 2023, with monthly averages used as the temporal 156 

resolution. To reveal decadal variability, climatological monthly means (1993-2023) 157 

and long-term trends are subtracted from all datasets, except for the data used in Figure 158 

1. Additionally, a seven-year low-pass filter was applied to calculate the decadal 159 

variations. 160 

 161 

2.2 Calculation of the SSLA, HSLA, and TSLA 162 

In this study, the temperature and salinity of the upper 2000m are selected to 163 

calculate TSLA (Equation 1) and HSLA (Equation 2). Here, 𝛼 represents the specific 164 



volume, z denotes the depth, and ∆𝑇  and ∆𝑆  refer to the temperature and salinity 165 

anomalies, respectively. These anomalies are calculated by subtracting the 166 

climatological monthly mean temperature and salinity fields from the raw data at each 167 

standard depth (Antonov et al., 2002; Nidheesh et al., 2013). The specific volume (α) 168 

is computed at each standard depth level as a function of the monthly mean temperature 169 

and salinity fields and pressure using the TEOS-10 seawater equation of state (IOC et 170 

al., 2010). The sum of the TSLA and HSLA is the total SSLA (Equation 3).  171 
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𝑺𝑺𝑳𝑨 = 𝑻𝑺𝑳𝑨 + 𝑯𝑺𝑳𝑨 … … (𝟑) 174 

 175 

2.3 Salinity and Heat Budget 176 

The salinity budget equation in the upper ocean (upper 50m) can be expressed as 177 

follows (Feng et al., 1998; Qi et al., 2022). 178 
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where S is the upper-ocean mean salinity in every grid, [S]= 
∭ 𝑺𝒅𝑽𝑽

𝑽
, represents the 183 

upper-ocean mean salinity in the entire SCS, V and A are the volume and surface area 184 

of the domain, respectively; u and v are the zonal and meridional components of the 185 

upper-ocean mean velocity, respectively; S-h represents the salinity at 50m; P is the 186 

precipitation, E is the evaporation; we is the entrainment velocity at 50m, which is 187 

calculated using the continuity equation. RES denotes the residual term of the salinity 188 

budget. Each variable in Equation (4) is decomposed into two components: the 189 

climatological seasonal cycle and an annual perturbation. For example, 𝑺 = 𝑺̅ + 𝑺′, 190 

where overbar represents the climatological monthly mean, and prime represents the 191 

anomaly. By neglecting higher-order nonlinear terms, Equation (4) can be rewritten as: 192 
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𝑨

𝒅𝒙𝒅𝒚 + 𝑹𝑬𝑺 … … (𝟓) 198 

The left-hand side of Equation (5) represents the salinity anomaly tendency (dSa_dt). 199 

The first term on the right-hand side in Equation (5) represents the air-sea freshwater 200 

fluxes (FW), the second term corresponds to the advection (ADV), and the third term 201 

corresponds to the entrainment (ENT). The final term on the right-hand side represents 202 

the residual, which is the difference between tendency and the sum of FW, ADV, and 203 

ENT. The residual includes river runoff and biases arising from the lack of spatial and 204 

temporal resolution in the data.  205 

Similarly, the heat budget equation for the abnormal temperature can be written as 206 

follows (Lee et al.,2004; Zhang et al., 2018). 207 
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where 𝝆=1025 kg/m3, 𝒄𝒑=4000 J/(kg·°C), and 𝒉=200m are the reference density, heat 214 

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

 
𝑽

𝑽
, represents the 215 

200m mean temperature in the entire SCS. The net surface heat flux 𝑸𝒏𝒆𝒕
′  is the sum 216 

of latent heat flux, sensible heat flux, shortwave radiation, and longwave radiation. The 217 

left-hand side of Equation (6) represents the temperature tendency (dTa_dt) and the four 218 

terms on the right-hand side represent the net surface heat flux (SHF), ADV, ENT, and 219 

the residual, respectively. 220 



3. Contribution of the HSLA and TSLA to Decadal SLC in the SCS 221 

Satellite altimeter data reveal significant decadal SLC in the SCS, with the largest 222 

standard deviation (STD) values observed in the strip-like regions west of Luzon Island 223 

(Figure 1a). Previous studies have suggested that these strip-like sea level signals are 224 

driven by westward-propagating Rossby waves in the thermocline, originating from the 225 

Western Pacific (Zhuang et al., 2013; Cheng et al., 2023). The Rossby wave signals 226 

from the Western Pacific propagate westward in the form of coastal Kelvin waves 227 

around the Philippine Islands. Upon reaching the western coast of the Philippines, these 228 

Kelvin waves transform into Rossby waves and continue to propagate westward. South 229 

of the Mindoro Strait, Palawan Island restricts the westward propagation of oceanic 230 

fluctuation signals within the Sulu Sea. In contrast, coastal Kelvin wave signals that 231 

pass through the Mindoro Strait can propagate unimpeded into the SCS. As a result, the 232 

oceanic fluctuation signals in the thermocline of the SCS are confined to a strip-like 233 

region north of the Mindoro Strait. Interestingly, other areas within the SCS also exhibit 234 

high SLA STD values, with most regions exceeding 12 mm. These regions are less 235 

influenced by oceanic fluctuations in the thermocline, raising the question: Does HSLA 236 

related to salinity play a role in decadal SLC? Our results show consistently high 237 

decadal salinity STD values throughout the basin, exceeding 0.2 PSU in the southern 238 

SCS and reaching up to 0.16 PSU in the northern regions (Figure 1b), suggesting the 239 

potential role of salinity on SLC. 240 

Moreover, multi-source data indicate significant decadal variations in surface 241 

salinity across the SCS, closely aligning with the observed trend of negative SLA 242 

(Figure 1c). Specifically, salinity exhibits a declining trend from 1993 to 2001 and from 243 

2005 to 2013, while an increasing trend is observed between 2001 and 2005, as well as 244 

from 2013 to 2017. Salinity anomaly exhibits consistent variation in the upper 50m, 245 

with the magnitude of change diminishing with depth (Figure 1d). Therefore, the upper 246 

50m salinity was adopted in this study. The power spectral analyses of both sea level 247 

(Figure 2a) and mean salinity in the upper 50m of the SCS (Figure 2b) reveal 248 

prominent peaks in the 8-13-year band, along with secondary peaks in the 4-6-year 249 

range, likely linked to the interannual variability driven by El Niño-Southern 250 

Oscillation (ENSO). After applying a 7-year low-pass filter to exclude interannual 251 

signals, we find that both salinity and sea level in the SCS are highly correlated with 252 

the PDO index with correlation coefficients of 0.81 and -0.78, respectively (Figure 2c). 253 

The correlation coefficient between salinity anomaly and SLA reaches up to -0.91. 254 

These results suggest that the significant decadal variations in upper-ocean salinity may 255 

influence HSLA changes, which further contribute to the decadal SLC. However, the 256 

exact contribution of HSLA remains unclear. 257 

The GLORYS12v1, ECCO2 and IAP datasets were utilized to assess the 258 



contributions of the SSLA, HSLA, and TSLA to the decadal variation in SLA. The 259 

SSLA calculated using GLORYS12v1 is highly consistent with the total SLA on 260 

decadal timescale, with a correlation coefficient of 0.97 (Figure 3a). This suggests that 261 

the decadal sea level variability in the SCS is largely driven by SSLA, and the 262 

GLORYS12v1 data effectively captures the decadal SLA change. The correlation 263 

coefficient between TSLA and SLA is 0.80, with TSLA leading SLA by 8 months and 264 

accounting for 24.9% of the SLA variance (calculated as the ratio of the TSLA variance 265 

to the SLA variance). The correlation coefficient between HSLA and SLA is 0.84, with 266 

HSLA lagging SLA by 7 months and explaining 28.1% of the SLA variance (calculated 267 

as the ratio of the HSLA variance to the SLA variance), which exceeds TSLA. These 268 

results imply that the contribution of salinity to decadal SLA variability may exceed 269 

that of temperature. We analyze three rising and two decreasing stages of SLA from 270 

1995 to 2023 to further quantify the TSLA and HSLA effects. The trends are derived 271 

using a linear fit for each data point within the rising or decreasing stages. During the 272 

SLA rising stage, the mean rate of sea level rise in the SCS was 8.29 mm/year (Figure 273 

3b), and the SSLA rise rate was 7.45 mm/year, contributing 90% of the total SLA 274 

increase (Figure 3c). Both SLA and SSLA indicate a general rise across the entire SCS 275 

basin, with the highest rate of increase observed in strip-like zones located west of 276 

Luzon. The HSLA rise is consistent throughout the whole basin, with a rate of 3.54 277 

mm/year, accounting for 43% of the SLA increase (Figure 3d), slightly lower than the 278 

3.91 mm/year contributed by the TSLA (Figure 3e). The TSLA rises mainly in the strip-279 

like zones west of Luzon Island and Luzon Strait, with no significant upward trend 280 

observed in other areas. During the decline phase, the mean rate of sea level decrease 281 

in the SCS is 12.81 mm/year (Figure 3f), and the SSLA rise rate is 10.86 mm/year, 282 

contributing 85% to the overall SLA decrease (Figure 3g). Both SLA and SSLA show 283 

a consistent decline across the basin, with the most significant decrease occurring in the 284 

west of Luzon Island. Notably, the contribution of HSLA during this phase is 6.74 285 

mm/year, accounting for 53% of the SLA reduction (Figure 3h), significantly 286 

surpassing the 4.12 mm/year contribution of TSLA (Figure 3i). Overall, the HSLA 287 

accounts for 55% of SSLA changes and 48% of total decadal SLC, surpassing the TSLA 288 

contributions of 45% and 40%, respectively. These results suggest that HSLA play a 289 

significant role in the decadal SLC in the SCS. HSLA exhibits uniform variations across 290 

the basin, while TSLA variations are more localized, predominantly in the eastern basin 291 

and the strip-like zones west of Luzon Island. 292 

The results derived from ECCO2 data show similar conclusion. The SSLA 293 

calculated using ECCO2 is highly consistent with the total SLA on decadal timescales, 294 

with a correlation coefficient of 0.96 (Figure 4a). The correlation coefficient between 295 

TSLA and SLA is 0.83, with TSLA leading SLA by 4 months, explaining 29.7% of the 296 

SLA variance. The correlation coefficient between HSLA and SLA is 0.93, with HSLA 297 



lagging SLA by 6 months and explaining 31.9% of the SLA variance, surpassing the 298 

contribution of TSLA. During the SLA rising stage, the SSLA increase rate was 7.97 299 

mm/year, contributing 96% of the total SLA increase (Figure 4c). The HSLA rise is 300 

consistent across the entire basin, with a rate of 4.34 mm/year, accounting for 52% of 301 

the SLA increase (Figure 4d), higher than the 3.63 mm/year contributed by the TSLA 302 

(Figure 4e). The TSLA rises mainly in the strip-like zones west of Luzon Island and 303 

Luzon Strait, with no significant upward trend observed in other areas. During the SLA 304 

decline phase, the SSLA decrease rate is 12.34 mm/year, contributing 96% to the overall 305 

SLA decrease (Figure 4g). Both SLA and SSLA show a consistent decline across the 306 

basin, with the most significant decrease occurring in the west of Luzon Island. The 307 

contribution of HSLA during this phase is 7.34 mm/year, accounting for 57% of the 308 

SLA decrease (Figure 4h), significantly surpassing the 5.00 mm/year contribution of 309 

TSLA (Figure 4i). Overall, the HSLA accounts for 57% of SSLA changes and 55% of 310 

total decadal SLC, surpassing the TSLA contributions of 43% and 41%, respectively. 311 

Compared with GLORYS data, the contribution of salinity calculated by ECCO2 is 312 

significantly higher than that of temperature in both the rising and falling stages of sea 313 

level in the South China Sea, which enhances the robustness of the conclusion. 314 

Furthermore, we also examine the IAP data and reach similar conclusions that the 315 

SSLA explains most of the decadal sea level variations in the SCS. Although the 316 

contribution of the HSLA is slightly smaller than TSLA’s during the rising phase, it 317 

exceeds TSLA’s contribution during the declining phase (Figure 5). The HSLA 318 

consistently influences the entire basin, whereas the impact of TSLA was concentrated 319 

primarily in the eastern part of the SCS. However, due to the limited resolution of the 320 

IAP dataset, SLCs in many shallow areas are not represented, leading to a potential 321 

underestimation of the contribution from HSLA.  322 

 323 



 324 

Figure 1 Standard deviation of the (a) SLA (units: mm) and (b) sea surface salinity 325 

anomaly (SSSa, units: PSU) after applying a 7-year low-pass filter. The black rectangle 326 

in (a) denotes the region of the SCS (105-121°E, 5-24°N) in this study. (c) Time series 327 

of multi-source sea surface salinity anomaly and SLA averaged over the SCS. The blue, 328 

pink, orange, and green thin lines represent the IAP, Argo, ECCO2, and SMAP salinity 329 

data, with the corresponding thick lines indicating the data after a 12-month sliding 330 

average, respectively. The black line represents the negative SLA from satellite 331 

altimeter and the blue bar shows the GLORYS12v1 salinity data after a 12-month 332 

sliding average. (d) Time series of salinity anomaly at different depths averaged over 333 

the SCS. The black lines represent the mean salinity of upper 50m used in the 334 

manuscript. 335 

 336 



 337 
Figure 2 Power Spectral density of (a) 50 m mean salinity anomaly and (b) SLA. The 338 

orange lines represent the 95% confidence level. (c) Time series of Pacific Decadal 339 

Oscillation (PDO) index (orange bar), 50-m mean salinity anomaly (blue line), and 340 

negative SLA (black line, units: dm) after 7-year low-pass filtering. 341 

 342 



 343 

Figure 3 Contribution of SSLA, HSLA and TSLA to decadal SLC. SLA is derived from 344 

the satellite altimeter and the SSLA, HSLA, and TSLA are calculated from GLORYS. 345 

(a) Time series of SLA (black line), SSLA (green line), HSLA (blue line), and TSLA 346 

(orange line) after applying a 7-year low-pass filter. Regional distribution of the SLA 347 

(b), SSLA (c), HSLA (d), TSLA (e) trend during SLA rising stage. The values in 348 

brackets represent the average trends in the SCS and their proportions relative to the 349 

overall SLA trend. (f)-(i) Same as (b)-(e), but for the SLA declining stage. 350 

 351 



 352 

Figure 4 Same as Figure 3, but using satellite altimeter and ECCO2 data. 353 

 354 



 355 

Figure 5 Same as Figure 3, but using satellite altimeter and IAP data. 356 

 357 

4. Spatial Differences of HSLA and TSLA changes 358 

Both HSLA and TSLA contribute to the decadal SLC in the SCS, with HSLA 359 

having a larger proportion. However, their contributions vary significantly across 360 

different depths and regions. To further explore these contributions, we calculated the 361 

changes in temperature and salinity anomalies at various depths over time in the SCS. 362 

All three datasets show significant decadal variations in salinity anomalies (Figure 6a, 363 

6c, &6e) and temperature anomalies (Figure 6b, 6d, &6f). The decadal variation in 364 

salinity anomalies is manifested as a strengthening of the surface layer, with the most 365 

pronounced changes occurring within the upper 50 meters. This effect diminishes with 366 

depth and gradually disappears below 150 meters. This is primarily attributed to the 367 

influence of freshwater forcing, which is most prominent in the mixed layer. 368 

Furthermore, horizontal advection, driven by salinity gradients and ocean currents 369 

which weaken with depth, also remains concentrated in the mixed layer. In contrast, the 370 

maximum decadal variation in temperature anomalies occurs within the thermocline, 371 

between 50 and 200 meters, with the effect diminishing below 200 meters. This 372 

behavior is associated with the thermocline adjustments, as previously mentioned, 373 



which are primarily driven by wave propagation. When the thermocline deepens, the 374 

upper warm water layer thickens, leading to an increase in sea surface height. 375 

Conversely, when the thermocline shallows, the upper water layer thins, resulting in a 376 

decrease in sea surface height. Besides, Temperature variations above 50 m exhibit 377 

distinct periods, and these variations are out of phase with those within the 50–200 m 378 

layer. This suggests that the controlling factors of temperature variations in the surface 379 

layer and the thermocline differ to some extent. In the surface layer, the influence of 380 

oceanic fluctuations diminishes, and horizontal heat transport along with surface heat 381 

flux may play a more significant role. 382 

To more clearly illustrate the contribution of temperature and salinity changes at 383 

different depths to sea level, The 0-2000m water column is divided into three layers: 0-384 

50m (upper ocean), 50-200m (thermocline layer), and 200-2000m (middle and deep 385 

layers). Figure 7a shows the proportion of contributions to TSLA and HSLA at 386 

different depths during sea-level rise and decline stages, based on GLORYS. HSLA 387 

changes primarily result from salinity variations in the 0-50m range, accounting for 388 

70%, and approximately 30% in the 50-200m range. In contrast, TSLA changes are 389 

predominantly driven by temperature variations in the thermocline (50-200m), 390 

exceeding 65%, while its contribution in the 0-50m range is less than 25%. In the 200-391 

2000m range, both temperature and salinity contribute less than 10% to TSLA and 392 

HSLA, respectively. These findings are supported by the ECCO2 (Figure 7b) and IAP 393 

dataset (Figure 7c), where the temperature changes in the 50-200m range contribute 394 

even more significantly to TSLA, reaching up to 80%. Furthermore, we calculate the 395 

proportion of HSLA to SSLA in each grid of the SCS, and highlight the HSLA/TSLA 396 

dominant regions with blue/red. Results derived from both GLORYS and ECCO2 show 397 

that HSLA dominates the decadal variation of SSLA in the southern and shallow regions 398 

of the SCS, while TSLA is more influential in the strip-like zones west of Luzon Island 399 

and Luzon Strait (Figure 8a & 8b). Results from IAP also yield similar conclusions; 400 

however, due to the limitations in data resolution, its results are less accurate compared 401 

to the other two datasets (Figure 8c). 402 



 403 
Figure 6 Evolutions of salinity anomalies in the upper 300 m averaged over the SCS 404 

region after applying a 7-year low-pass filter derived from (a) GLORYS, (c) ECCO2, 405 

and (e) IAP. (b), (d), and (f) are as in (a), (c), and (e), but for temperature anomalies. 406 

 407 



 408 
Figure 7 Contributions of the HSLA and TSLA at different depths during the SLA 409 

rising and declining stages using (a) GLOTYS, (b) ECCO2, and (c) IAP data. Black, 410 

blue, pink, and green bars represent contributions in the full depth range (0–2000m), 0–411 

50m, 50–200m, and 200–2000m, respectively. 412 

 413 
Figure 8 Regional distribution of the HSLA proportion relative to the SSLA based on 414 

(a) GLORYS, (b) ECCO2, and (c) IAP. HSLA/TSLA dominant regions are in blue/red. 415 

 416 

5. Causes of decadal variations of salinity and temperature in the SCS 417 



Even though salinity is influential on the decadal SLC by affecting the HSLA in 418 

the SCS, the underlying causes of such decadal salinity variations remain unclear. To 419 

address this issue, we conduct a budget analysis of upper-ocean salinity, synthesizing 420 

the three decline stages and the two rising stages of salinity from 1993 to 2023, where 421 

salinity increases correspond to decreases in sea level. The analysis is conducted to a 422 

depth of 50 meters, as indicates in Figure 7, which show the majority of the salinity 423 

contribution to sea level change comes from the upper 50 m. The results from GLORYS 424 

and ECCO2 (Figure 9a & b) datasets show nearly identical conclusion. During the 425 

salinity decline phase, the FW dominates the salinity change, accounting for over 90%, 426 

with oceanic ADV contributing positively at around 30%. In contrast, during the 427 

salinity rise phase, ADV becomes the dominant contributor, accounting for more than 428 

65%, while FW continues to play a significant role, contributing approximately 44%. 429 

Note that the influence of ADV was primarily due to the advection through the Luzon 430 

Strait (ADV-LS), where high-salinity waters from the Kuroshio current enter the SCS 431 

and influence the salinity. ADV-LS accounts for about 75% of the total ADV during the 432 

salinity rise phase and more than 90% during the decline phase. The influence of the 433 

ENT term is weak, and the residual may arise from biases related to the spatial and 434 

temporal resolution of the data and underestimated ENT term in monthly data. Overall, 435 

SCS salinity variability is predominantly controlled by FW and ADV-LS, with FW 436 

playing a dominant role during the salinity decline phase and ADV-LS being more 437 

important during the salinity rise phase. This pattern is because the SCS is located in 438 

the deep convection zone of the warm pool, where local precipitation is the main source 439 

of seawater freshening, while salty water advected from the Western Pacific through 440 

the Luzon strait is the main source of seawater salinization. 441 

Previous studies have indicated that the PDO can influence both precipitation in 442 

the SCS and Kuroshio intrusion from the Luzon Strait (Yu et al., 2013; Zeng et al., 443 

2018; Chen et al., 2020), both of which are significant factors in altering the salinity of 444 

the SCS. Our results further corroborate these findings. The analysis reveals that the 445 

PDO is significantly correlated with both FW and negative ADV-LS, with correlation 446 

coefficients of 0.78 and 0.71, respectively (Figure 10a). This suggests that the PDO 447 

influences upper-ocean salinity changes in the SCS by modulating the FW and the 448 

salinity advection associated with the Kuroshio intrusion. It is worth mentioning that 449 

previous studies based on high-resolution Hybrid Coordinate Ocean Model (HYCOM) 450 

and eddy-resolving OGCM for the Earth Simulator (OFES) data have concluded that 451 

during the positive (negative) PDO phase, the Kuroshio intrusion is enhanced 452 

(weakened) (Yu et al., 2013; Chen et al., 2020). Given the warm, high-salinity nature 453 

of Kuroshio water, this enhanced (weakened) intrusion leads to stronger (weaker) 454 

salinity advection, which increases (decreases) salinity in the SCS, consistent with the 455 

conclusions derived from GLORYS and ECCO2. The consistency between the models 456 



and reanalysis data further strengthens the credibility of our conclusions.  457 

Since FW plays a significant role in driving salinity changes in the SCS, we next 458 

synthesize the evaporation minus precipitation (E-P) and wind field during the positive 459 

and negative phases of PDO (Figure 10b & c). During the positive (negative) PDO 460 

phase, westerly (easterly) wind anomalies occur in the western equatorial Pacific Ocean, 461 

accompanied by an anomalous descending (ascending) branch of the Walker circulation 462 

and anticyclonic (cyclonic) surface wind anomalies over the SCS. These anomalous 463 

atmospheric circulation patterns result in increased (reduced) E-P and salinity. 464 

Precipitation is the major contributor to FW variability in both PDO phases, while 465 

evaporation plays a minor positive role (Figure 11).  466 

Besides salinity, we also aim to investigate the causes of decadal temperature 467 

variations. Since temperature changes are primarily concentrated between 50-200 m, 468 

we calculated the heat budget for the upper 200 m of the SCS. Not surprisingly, the 469 

results from both GLORYS and ECCO2 indicate that the ENT term dominates the 470 

decadal temperature variations in the SCS (Figure 12a & b), suggesting that the 471 

variations are primarily driven by oceanic fluctuation processes, which is consistent 472 

with previous studies (Zhuang et al., 2013; Cheng et al., 2015). Interestingly, both 473 

datasets show that ADV and SHF contribute oppositely, accounting for approximately 474 

-20% and -2%, respectively. As noted in earlier analyses, during the positive (negative) 475 

phase of the PDO, the SCS experiences high-pressure anticyclonic (low-pressure 476 

cyclonic) anomalies, accompanied by an intensification (reduction) of the intrusion of 477 

warm, high-salinity water from the Kuroshio Current. Consequently, both surface heat 478 

flux and advection exhibit positive (negative) anomalies. However, during the positive 479 

(negative) phase of the PDO, anomalous westward (eastward) winds in the western 480 

Pacific induce upwelling (downwelling) Rossby waves that propagate into the SCS, 481 

weakening (deepening) the thermocline and resulting in negative (positive) heat 482 

anomalies in the upper 200 m of the SCS. The effects of oceanic fluctuations and 483 

oceanic advection and surface heat flux are thus counteracting. The oceanic fluctuation 484 

processes exert a more significant impact on the thermal content of the seawater, 485 

thereby dominating the sea level change. 486 

Taken together, the factors influencing the decadal variability of temperature and 487 

salinity in the SCS can be categorized into three main types: oceanic fluctuations 488 

propagated from the western Pacific, oceanic advection (Kuroshio intrusion), and 489 

changes in atmospheric conditions. Each of these factors is influenced to varying 490 

degrees by the PDO, and their effects on temperature and salinity differ. Since the 491 

temperature gradient is greatest in the thermocline, while the salinity gradient is most 492 

pronounced in the surface layer, oceanic fluctuations in the thermocline primarily 493 

govern temperature variability but contribute little to salinity changes. The variability 494 

in the intensity of Kuroshio intrusions, which transport high-temperature, high-salinity 495 



water, leads to co-varying temperature and salinity changes, but with opposite 496 

contributions to sea level. Additionally, changes in atmospheric conditions result in 497 

variations in sea surface heat flux and freshwater flux, with freshwater flux having a 498 

significant impact on salinity changes. The atmospheric and oceanic processes 499 

modulated by the PDO together constitute a complex system driving the decadal SLC 500 

in the SCS. 501 

 502 

Figure 9 Regional mean salinity budget during the salinity rising and declining stages 503 

based on (a) GLORYS and (b) ECCO2 data. DSa_dt represents the salinity anomaly 504 

tendency, FW denotes the freshwater flux term, ADV represents the total advection 505 

terms, ENT represents the entrainment term, and RES indicates the residual term; ADV-506 

LS represents the zonal salinity advection across 121°E through the Luzon Strait. The 507 

error bars indicate one standard error.  508 



 509 

Figure 10 (a) Time series of Pacific Decadal Oscillation (PDO) index (orange bar), FW 510 

(light blue line), and negative ADV-LS (dark blue line) after 7-year low-pass filtering 511 

based on GLORYS data. E-P anomalies (shading) and wind field anomalies (quiver) 512 

during the positive (b) and negative (c) PDO phases. 513 

 514 



 515 

Figure 11 Evaporation anomalies during the (a) positive and (b) negative PDO phases. 516 

(c) and (d) are same as (a) and (b), but for negative precipitation anomalies. The sum 517 

of evaporation anomalies and negative precipitation anomalies constitutes the E-P 518 

anomalies shown in Figure 10. 519 



 520 

Figure 12 Regional mean heat budget from upper 200m during the temperature rising 521 

and declining stages based on (a) GLORYS and (b) ECCO2 data. dTa_dt represents the 522 

temperature anomaly tendency, SHF denotes the surface heat flux term, ADV represents 523 

the total advection terms, ENT represents the entrainment term, and RES indicates the 524 

residual term. The error bars indicate one standard error.  525 

 526 

6. Summary and Discussions  527 

In this study, we find a significant decadal variation of upper-ocean salinity in the 528 

SCS, which is modulated by the FW and ADV-LS associated with the PDO. Such 529 

salinity variation further induces changes in HSLA. Our results indicate that, for the 530 

entire SCS basin, the HSLA plays a substantial role in the decadal SLC, accounting for 531 

approximately 55% of SSLA variation and 48% of overall SLA variation, surpassing 532 

the contributions of TSLA with 45% and 40%, respectively. The HSLA demonstrates a 533 

consistent trend across the basin and has a dominant influence on the southern and 534 

shallow waters of the SCS. Zeng et al. (2018) reported a steady continuous decreasing 535 

trend in upper-ocean salinity in the SCS from 1993 to 2012. We refine this conclusion 536 

using multi-source data and show a significant decadal variation in upper-ocean salinity 537 

in the SCS, with a period of 8-13 years. Previous results may be hindered by data 538 

limitations and uneven seasonal coverage between 2000 and 2010 (Zeng et al., 2016). 539 

In addition to the density changes influencing sea level as discussed, Cheng et al. (2010) 540 



also highlighted that changes in the mass of seawater in the SCS can affect sea level. 541 

Our study also shows that, for the narrow coastal waters, SSLA cannot fully reflect the 542 

changes in SLA, where the mass contribution may dominate (Figures 3c&g, 4c & g). 543 

However, since the SSLA trend accounts for more than 85% of the total variation, it is 544 

evident that mass-induced SLC only has a minor impact on decadal SLC in the entire 545 

SCS. 546 

Previous studies suggest that the decadal SLC in the SCS is driven by westward-547 

propagating ocean waves in the thermocline originating from the Western Pacific 548 

(Zhuang et al., 2013; Li et al., 2021; Cheng et al., 2023). Our results refine this 549 

understanding. Building upon the previous research with our results, we present the 550 

schematic diagram of thermohaline co-controlled decadal SLC in the SCS (Figure 13a 551 

& b). During the positive (negative) PDO phase, westerly (easterly) anomalies occur 552 

in the western equatorial Pacific, accompanied by anomalous descending (ascending) 553 

branches of the Walker circulation and anticyclonic (cyclonic) surface wind anomalies 554 

in the SCS. For the thermocline processes, the anomalous wind fields in the western 555 

equatorial Pacific generate westward-propagated upwelling (downwelling) Rossby 556 

waves, which transform into coastal Kelvin waves off the Philippines, leading to a 557 

shallowing (deepening) of the thermocline in the SCS, a decrease (increase) in the heat 558 

content of the water column, and low (high) TSLA. For the upper ocean processes, the 559 

anticyclonic (cyclonic) surface wind anomalies in the SCS corresponding to increased 560 

(decreased) evaporation and reduced (increased) precipitation, which, combined with 561 

PDO-induced enhanced (weakened) salinity advection by the Kuroshio intrusion, cause 562 

high (low) salinity anomaly, resulting in low (high) HSLA. The TSLA changes are 563 

primarily reflected in the thermocline, while the HSLA changes are mainly reflected in 564 

the upper ocean. The combined effects of the HSLA and TSLA shape the decadal SLC 565 

in the SCS. 566 

As mentioned earlier, the HSLA and TSLA exhibit a certain lead-lag relationship. 567 

Therefore, we calculate the lead-lag correlation between the PDO, SLA, HSLA, and 568 

TSLA (Figure 14a). The analysis reveals that TSLA leads the PDO by 8 months, while 569 

HSLA lags the PDO by 13 months, collectively resulting in the SLA in the SCS lagging 570 

behind the PDO by 5 months. The lag of HSLA can be explained by the lag of salinity 571 

anomalies to the FW and ADV-LS (Figure 14b). Specifically, the salinity anomalies 572 

lag behind the FW in ADV-LS by 12 and 17 months, respectively, while the lead-lag 573 

phase of PDO with FW and ADV-LS was less than 5 months (Figure 10a). This delay 574 

reflects the average response time needed for decadal salinity anomalies in the SCS to 575 

adjust to changes in the fresh water forcing and ocean advection. In other words, it 576 

represents the time required for precipitation and high-salinity water intrusion from the 577 

Luzon Strait to be averaged and diffused throughout the upper ocean of the SCS. In 578 

contrast to HSLA, although the lead of TSLA can also be observed from previous 579 



studies (Cheng et al., 2015, 2023), the underlying physical mechanisms remain unclear. 580 

It is speculated that this may be linked to the interaction between the PDO and the 581 

Western Pacific wind field, as the variations in TSLA over the SCS are believed to 582 

originate from the wind field in the Western Pacific. Since the PDO is defined by the 583 

EOF of sea surface temperatures in the North Pacific, it does not directly drive changes 584 

in the western Pacific wind field; rather, they may be coupled. As such, the western 585 

Pacific wind field could lead the PDO, causing the TSLA of the SCS to precede the 586 

PDO, as also observed in Duan et al. (2025). This issue warrants further exploration by 587 

future researchers. 588 

This study revises previous interpretations of decadal SLC in the SCS, 589 

highlighting the significant role of salinity which had been overlooked by previous 590 

studies. It underscores that in semi-enclosed ocean basins like the SCS, changes in 591 

upper-layer salinity, driven by precipitation and oceanic advection, can significantly 592 

influence sea level variations. These salinity-induced changes, in conjunction with 593 

TSLA driven by oceanic wave processes, jointly contribute to shaping the regional SLC. 594 

The conclusions of this study have important implications for both the understanding 595 

and prediction of SLC, not only in the SCS but also in other semi-enclosed and coastal 596 

regions. Given the increasing impact of climate change on precipitation patterns (Chou 597 

et al., 2009; Xie et al., 2010), the role of salinity in driving sea level changes may 598 

become more pronounced. These insights could enhance the accuracy of sea level 599 

models and projections, improving our ability to assess coastal vulnerability, inform 600 

policy decisions, and guide adaptation strategies. Understanding the synergistic 601 

influence of temperature and salinity on sea level is essential for predicting future SLC 602 

and mitigating the risks associated with rising sea levels, particularly in densely 603 

populated and ecologically sensitive regions. 604 

 605 

 606 
Figure 13 Schematic diagram of decadal SLC in the SCS during (a) positive PDO phase 607 

and (b) negative PDO phase. 608 



 609 
Figure 14 (a) Lead-lag correlation between TSLA (orange line), HSLA (blue line), SLA 610 

(black line), and the negative PDO based on GLORYS. (b) Lead-lag correlation 611 

between FW (blue line), negative ADV-LS (red line), and the 50m mean salinity 612 

anomaly. Solid points indicate correlations that pass the 95% confidence test. 613 
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