
1.  Introduction
The Kuroshio Current is a warm western boundary current that originates from the Western Equatorial 
Pacific and flows northeastward to the North Pacific. After passing by the east coast of the Philippines, the 
Kuroshio Current branches northwestward into the South China Sea (SCS) through the Luzon Strait, and 
creates what is known as the Kuroshio intrusion (KI). The KI is characterized by relatively warmer and higher 
salinity waters and can cause significant impacts on the hydrological conditions in the SCS (e.g., Chang 
et al., 2022; Hu et al., 2000; Liang et al., 2008; Nan et al., 2015; Qu et al., 2004). Moreover, the KI brings 
nutrient-rich water, creating favorable conditions for planktonic organisms and facilitating biodiversity in the 
SCS (e.g., Chen, 2008; Chou et al., 2007; T. Li et al., 2010). Changes in the KI can then modulate not only 
the hydrological conditions (e.g., heat and salt budgets, and circulation) but also the marine ecosystem (e.g., 
trophic interactions, species dynamics, and biogeochemical processes) in the SCS. In recent decades, increas-
ing efforts have been garnered to understand the behavior and variability of the KI. Instrumental data from 
hydrographic surveys, moored buoys, and remote sensing, have been used to monitor the physical properties 
of the water and track the movement of the KI (e.g., Centurioni et al., 2004; Liu et al., 2016; Shaw, 1991). 
Paleodata, such as records from corals and sediment cores, have also been employed to assess the long-term 
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variability of the KI (e.g., Chang et al., 2022; X. Li et al., 2017, 2023; Ramos et al., 2020; Shen et al., 2022). 
However, these studies have their limitations. For example, instrumental observations only cover the past few 
decades, so they may not be long enough to capture the long-term variability of the KI. On the other hand, 
the few available paleoclimate studies, mostly coral records from the north of the Luzon Strait (e.g., X. Li 
et al., 2017, 2023; Ramos et al., 2020), substantially extend the KI history by using geochemical proxies, 
such as monthly resolved coral δ 18O. However, the strong turbulence and shallow topography near their 
study sites, may limit the reconstruction of KI strength (Figure 1) because of the contribution of subsurface 
cold water resulted from tidally induced upwelling (Lee et al., 1997; C.-C. Shen et al., 2005). Additionally, 
because the KI is typically much stronger in winter (December–March) than in summer (June–September), 
the KI characterization can be underestimated if seasonal signals are not separated in the studies, as suggested 
by Ramos et al. (2020).

The mechanisms that control the KI have also been explored, which involve the East Asian winter monsoon 
(EAWM), El Niño-Southern Oscillation (ENSO), and Pacific Decadal Oscillation (PDO) (Y. Y. Kim et al., 2004; 
Qu et al., 2004; Ramos et al., 2020; Rong et al., 2007; Y. Wang et al., 2020; C.-R. Wu, 2013; Yuan et al., 2014). 
On the interannual timescale, the strength of the KI into the SCS is enhanced (suppressed) when the EAWM is 
anomalously strong (weak) (C. Wu & Hsin, 2012; Xue et al., 2004). However, this relationship can be compli-
cated by ENSO. El Niño conditions are typically accompanied by a weakened EAWM (B. Wang et al., 2000), 
but they also enhance KI strength in winter (Yuan et al., 2014). Moreover, statistical analysis shows that KI 
strength has increased during the positive PDO phase since 1991 (C.-R. Wu, 2013). However, a reconstruction 
of dry season (December–March) sea surface salinity (SSS) using paired Porites Sr/Ca and δ 18O from south-
ern Taiwan suggests a strong negative correlation between the SSS variability across the Luzon Strait and the 
PDO, particularly at multidecadal timescales (Ramos et al., 2020). Apparently, the interactions among the three 
climate modes (EAWM, ENSO, and PDO) can complicate the responding changes in KI strength and SSS in 
the region.

In this study, we present a bimonthly resolved record of coral δ 18O and Sr/Ca from a living Porites coral core 
obtained from Dongsha Atoll, which covers a time period from 1952 to 2016. The coral site is located in the 
northern part of the SCS, an area frequently influenced by the KI through the Luzon Strait (Figure 1). Therefore, 
changes in the KI, which affect the local sea surface temperature (SST) and SSS, may be reconstructed by the 
chemical composition of coral skeletons. Our study has two main objectives: First, to investigate the potential of 
using Dongsha coral Sr/Ca and δ 18O variations to infer KI variability. This will be done by comparing the coral 
Sr/Ca and δ 18O records in the cold/dry season (December–March) with KI strength, indicated here by the sea 
surface height (SSH) difference between the eastern side of the Luzon Strait and the adjacent SCS. The strait 
serves as a narrow passage connecting the western Pacific Ocean to the SCS. Prevailing winds and ocean currents 
lead to higher SSH on the eastern side, creating a pressure gradient propelling the KI into the SCS. KI strength 
can be assessed by the SSH difference between the two sides of the strait; elevated SSH in the east intensifies KI 
flow into the SCS (Figure 1). Hence, variations in the SSH gradient play a crucial role in regulating KI strength 
and variability in the SCS (e.g., Caruso et al., 2006; Nan et al., 2011, 2013; F.-H. Xu & Oey, 2015). And second, 
to explore the hydrological changes associated with KI variability on interannual to decadal timescales within 
the region, and the possible impacts of large-scale climatic modes such as EAWM, ENSO, and PDO on the KI 
variability in the SCS.

2.  Materials and Methods
2.1.  Study Site

The northern SCS (delineated here as the region north of 18°N) is unique due to monsoon winds and water 
exchange with the western tropical Pacific via the Luzon Strait (Shu et al., 2018; F.-H. Xu & Oey, 2015). Dong-
sha Atoll, located at 20.58–20.78°N, 116.68–116.92°E, is the northernmost atoll in the SCS and has a diameter 
of 28 km (Figure 1). The climate is subtropical and influenced by the East Asian Monsoon. The warm and wet 
months occur from June to September (JJAS), while the cold and dry months last from December to March 
(DJFM) (Figure S1 in Supporting Information S1). Annual rainfall is approximately 1,100 mm, and annual SSS 
ranges from 33.8 to 34.5 psu (practical salinity unit) with a mean amplitude of 0.4 psu. The annual average 
temperature is 26.4°C during the period from 1982 to 2016, with the highest monthly averaged temperature in 
July (29.2°C) and the lowest monthly temperature in February (23.0°C).
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2.2.  Coral Sampling and Analytical Methods

In August 2016, a 50 cm long and 8 cm diameter coral core (DS86) was collected from a Porites coral colony at 
Dongsha Atoll (20.62°N, 116.7°E, Figure 1). The core was cut into 7 mm-thick slabs, X-rayed for annual density 
bands (Figure S2a in Supporting Information S1), and assessed for mineral diagenesis (Text S1 and Figure S2b 
in Supporting Information S1). Sub-samples for δ 18O and Sr/Ca measurements were collected every millimeter 
along the maximum growth axes identified in the X-ray radiographs (Text S2 and Figure S2a in Supporting 
Information S1). Coral δ 18O (δ 18Oc) was measured using an isotope ratio mass spectrometer (IRMS, Thermo 
Scientific Delta V) coupled to GasBench II, and Sr/Ca was measured using a high-resolution inductively coupled 
plasma mass spectrometer (HR-ICP-MS, Thermo Fisher Scientific ELEMENT 2) (Text S3 in Supporting Infor-
mation S1). All the sample preparations and analyses for stable isotopes and trace elements were conducted at the 
Earth Observatory of Singapore, Nanyang Technological University. The coral skeleton grows at an average rate 
of approximately 7 ± 1.7 mm per year, enabling us to generate approximately 7 subsamples annually (Text S4 
and Figure S3 in Supporting Information S1). Subsequently, the coral δ 18O and Sr/Ca data were interpolated to 
create bi-monthly time series with six data points per year (Text S4 and Figure S4 in Supporting Information S1).

2.3.  Satellite and In Situ Data to Retrieve SST and SSS

In this study, SST, SSS, and rainfall records obtained from existing instrumental data sets were used to calibrate 
the reconstructed variables. To calibrate reconstructed SST, we extracted NOAA OISST data from 1981 to 2016 
in a 1/4° by 1/4° grid centered at 20.5°N and 116.5°E (https://www.ncei.noaa.gov/products/climate-data-records/
sea-surface-temperature-optimum-interpolation, Huang et al., 2021). For calibration of reconstructed SSS, we 
used the monthly mean SSS data from the Institute of Atmospheric Physics global ocean salinity 0.5° gridded 
data set (IAP-05) centered at 20.5°N and 116.5°E from 1960 to 2020 (http://www.ocean.iap.ac.cn/pages/dataSer-
vice/dataService.html?languageType=en&navAnchor=dataService, G. Li et al., 2023). For rainfall comparison 
with Dongsha δ 18Oc data, we used a larger spatial data set (2.5° × 2.5° averaged, 20–22.5°N; 115–117.5°E, 

Figure 1.  (a) Map of sea surface salinity (SSS) and sea surface height (SSH) in the Northern South China Sea (SCS) with 
Kuroshio Current (blue dashed arrow) and a westward branch of the Kuroshio Current, also known as the Kuroshio intrusion 
(KI) (blue arrow). The yellow star indicates the Dongsha Atoll, where a coral core DS86 was collected. The blue circle shows 
the locations of the three published coral proxy records from the north of the Luzon Strait (i.e., X. Li et al., 2017, 2023; 
Ramos et al., 2020). For our analysis, we utilized IAP-05 SSS data at a depth of 10 m spanning from 1993 to 2018. The 
SSH data for the period 1993–2019 was obtained from the AVISO website (http://www.aviso.altimetry.fr/en/home.html) and 
processed into a grid format with a spatial resolution of 1° by 1°. The red rectangles mark the selected locations for ΔSSH 
calculation. SSH_LSE and SSH_LSW refer to the sea surface heights in the regions located in the eastern and western sides 
of the Luzon Strait, respectively. (b) Also shown are sites of previous coral studies in southern Taiwan, including (1) Houbihu 
(Ramos et al., 2020), (2) Nanwan Bay (X. Li et al., 2017), and (3) Xiaoliuqiu Island (X. Li et al., 2023).
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1979–2020) from NASA’s Global Precipitation Climatology Project (GPCP) (http://disc2.nascom.nasa.gov/
Giovanni/tovas/rain.GPCP.shtml, Adler et al., 2003).

2.4.  The Sea Surface Height (SSH) Calculation

Satellite altimeter data from the Luzon Strait has frequently served as an indicator of the KI’s intensity into the 
SCS (e.g., Nan et al., 2011, 2013). To assess the strength of the KI into the SCS, we calculated the monthly 
difference in SSH between the eastern side of the Luzon Strait and the adjacent SCS. Daily altimetry satellite data 
spanning from 1993 to 2016, with a spatial resolution of 1° by 1°, were acquired from the AVISO website (http://
www.aviso.altimetry.fr/en/home.html) for this calculation. This difference, denoted as ΔSSH, was obtained by 
subtracting the monthly average SSH in the SCS region from the monthly average SSH on the eastern side of the 
Luzon Strait (Figure 1, Text S5 in Supporting Information S1).

2.5.  Spectral Analysis

To conduct spectral analysis on the coral δ 18O data, we applied the Multitaper Method (MTM) using the 
SSA-MTM Toolkit, following the parameters set by Ghil et al. (2002), which included a resolution setting of 2 
and the use of 3 tapers. Before subjecting the data to spectral analysis, a linear detrending process was imple-
mented to ensure the accuracy of the results. To establish confidence levels, we adopted a red noise AR(1) 
background. We performed wavelet and cross-wavelet analyses using the wavelet coherence methods initially 
developed by Grinsted et  al.  (2004). To assess significance, we conducted 300 Monte Carlo simulations and 
evaluated the 95% confidence level against the red noise background.

3.  Results
3.1.  Bi-Monthly Calibration of Sr/Ca to SST

The Sr/Ca values of DS86 range from 8.738 to 9.262 mmol/mol, with an average of 8.971 mmol/mol (Figure 2a; 
Figure S4 in Supporting Information S1). We first conducted a spatial correlation analysis between Dongsha coral 
Sr/Ca and NOAA OISST data (Figure S5 in Supporting Information S1), confirming that Dongsha coral Sr/Ca 
can capture SST variabilities in the northern SCS. To ensure the robustness of the SST-proxy relationships at 
bi-monthly scales, we then performed an evaluation using the Reduced Major Axis (RMA) regression method. 
This approach helps mitigate any biased estimates of SST (DeLong et al., 2007; C. Xu et al., 2015). The results 
are expressed in Equation 1 and Figure S6 of the Supporting Information S1:

Sr∕Ca (bi-monthly) = 10.338(±0.033) − 0.053(±0.001) × OISST (◦C).�

(𝑟𝑟 = −0.93, 𝑝𝑝 𝑝 0.001, 𝑛𝑛 = 207,RMSR = 0.809◦C, 1982 − 2016).�

where RMSR (°C) is the root mean square of the residuals that indicates the difference between the instrumental 
and reconstructed SSTs. The Sr/Ca-SST regression of coral DS86 yielded a slope of −0.053 mmol/mol per °C, 
within the range of slope values reported in Porites-based Sr/Ca-SST studies (i.e., −0.042 to −0.067 mmol/mol 
per °C, RMA regression method; e.g., Murty et al., 2018; Quinn & Sampson, 2002; Ramos et al., 2020).

3.2.  δ 18Oc-SST/SSS Relationships

3.2.1.  Relationship Between δ 18Oc and SST at Bi-Monthly Scales

The δ 18Oc values of DS86 average −4.54‰ and vary from −5.61‰ to −3.13‰. The δ 18Oc shows clear annual 
cycles reflecting winter and summer seasons (Figure  2b). We first compared the δ 18Oc and Sr/Ca profiles 
in Dongsha coral (Figure S4 in Supporting Information S1). Their strong correlation at the bi-monthly scale 
(r = 0.72, p < 0.001, n = 387, Figure S7 in Supporting Information S1), suggests that the two variables share 
common control factors, primarily SST. We then compared δ 18Oc variability with instrumental SST (Figure S8 
in Supporting Information S1). The RMA regression revealed that δ 18Oc indeed has a moderate, but statistically 
significant correlation with instrumental SST (r = −0.63, p < 0.001, Equation 2), suggesting that other factors 
besides SST may also influence δ 18Oc variations.
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𝛿𝛿
18O (bi-monthly) = 0.170(±0.241) − 0.183(±0.010) × OISST ◦C.�

(𝑟𝑟 = −0.63, 𝑝𝑝 𝑝 0.001, 𝑛𝑛 = 207,RMSR = 1.725◦C, 1982 − 2016).�

The linear regression between coral δ 18Oc and instrumental SST resulted in a slope of −0.183‰/°C, similar to 
previously published values for corals in the SCS (i.e., −1.142–0.174‰/°C) (Bolton et al., 2014; He et al., 2002; 
Shen et al., 1996, 2005; Su et al., 2006; Yu et al., 2005). However, the precision of δ 18Oc-SST reconstructions is 
lower than that of Sr/Ca-SST (Figure S8 in Supporting Information S1). The δ 18Oc-SST RMSR of 1.725°C was 
considerably higher than the Sr/Ca-SST RMSR of 0.809°C, indicating reduced accuracy in predicting SST from 
δ 18Oc. Together with the modest correlation between the δ 18Oc and SST, it suggests that other factors, such as 
SSS of surrounding seawater, can also have important influence on δ 18Oc variations (Dassié et al., 2014; Gagan 
et al., 1994; Linsley et al., 2004; Lough, 2010; McConnaughey, 1989).

3.2.2.  Interannual Relationships of δ 18Oc to SST and SSS

We calculated the relative contributions of SST and SSS to δ 18Oc (Text S6 in Supporting Information S1). We 
found that SSS accounts for approximately 32%–46% of the δ 18Oc signals during the dry season (December–
March) and on annual timescale when comparing with NOAA OISST and IAP-05 SSS for the period of 
1982–2015. These results indicate that the contribution of SSS cannot be ignored. Because of the significant 
correlation between Sr/Ca and OISST at bi-monthly timescale, the SSS component in δ 18Oc (i.e., δ 18Osw) 
may be isolated by removing the Sr/Ca-based SST component from the δ 18Oc signals. Text S7 in Supporting 

Figure 2.  Bi-monthly time series data for Dongsha coral DS86, including (a) Sr/Ca and (b) δ 18Oc measurements from 
1952 to 2016, as well as (c) the ΔSSH record from 1993 to 2019. The error bars on the left side of the coral records indicate 
analytical precision (1σ). A higher ΔSSH value indicates a stronger KI, while a lower value suggests a weaker intrusion. Each 
record is represented by an annual mean, denoted by a bold black line.
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Information S1 indicates the resultant δ 18Osw and its correlation with SSS. However, the relationship between 
δ 18Osw and IAP-05 SSS in coral DS86 exhibit a weak correlation (Figure S9 in Supporting Information S1). 
The error in reconstructed SSS from the δ 18Osw-SSS calibration also exhibits larger variability compared to the 
reconstructed SSS from the δ 18Oc-SSS calibration.

One possible explanation for this observation is that during the dry season (December–March), Dongsha Atoll 
experiences a combination of cold (low SST) and dry (high SSS) conditions. However, the KI is strong during the 
dry season (December–March) and brings relatively warm (high SST) and salty (high SSS) water to the region. 
Consequently, intense Kuroshio intrusion results in competing temperature effects and complicates the quanti-
fication of the SST contribution in δ 18Oc. On the other hand, when comparing bimonthly δ 18Oc variability with 
IAP-05 SSS, we found a moderate correlation (r = 0.52, p < 0.001, n = 207, 1982–2016, Figure S10 in Support-
ing Information S1). Therefore, a reasonable approach is to utilize δ 18Oc variability to investigate KI behavior, 
which considers both temperature and salinity aspects. We then examined the δ 18Oc variation during the dry 
season (December–March), with a focus on the stronger influence of the KI in winter.

We also performed spectral analysis on the bi-monthly δ 18Oc record during the dry season (December–March). 
We averaged the bimonthly record from December to March to create a dry-season interannual record. The analy-
sis revealed highly significant periods at 2.1, 2.9, and 3.2 years, as well as a prominent ∼33-year peak (Figure S11 
in Supporting Information S1). These periods exhibited significance levels exceeding 95% and 90%, respectively, 
indicating the presence of interannual to decadal changes in the δ 18Oc record. This allows us to further investigate 
how the KI responds to the impacts of various climate modes across distinct time scales.

3.2.3.  Interannual Relationships of δ 18Oc to Rainfall

Previous studies suggested that salinity signals in the SCS and surrounding regions can be influenced by the 
monsoon system and its associated precipitation (Durack et  al.,  2012; Liu et  al.,  2018; SChmitt,  2008; Shen 
et al., 2005; Su et al., 2006; Terray et al., 2012; Yu et al., 2005). To investigate the relationship between SSS and 
precipitation in Dongsha Atoll of the SCS, we analyzed the correlation between IAP-05 SSS and GPCP precipi-
tation data from 1979 to 2016. Our findings show a moderate negative correlation between monthly IAP-05 SSS 
and GPCP precipitation (r = −0.48, p < 0.001, n = 455), suggesting that precipitation is only one of the factors 
affecting SSS signals in the SCS. We further analyzed the relationship between these variables during the dry 
season (December–March), when the KI occurs. The correlation between IPA-05 SSS and GPCP precipitation 
is particularly weak during the dry season (December–March) (r = −0.15, p < 0.001, n = 147), implying that 
precipitation only has a trivial contribution to SSS variations during this season.

Additionally, to explore the relationship between precipitation and the δ 18O signal in the coral, we conducted 
RMA regressions on the bi-monthly δ 18Oc values and GPCP precipitation. The analysis revealed a weak nega-
tive correlation between δ 18Oc and GPCP precipitation (r = −0.30, p = 0.004, n = 225, 1979–2016). However, 
we observed no correlation between δ 18Oc and GPCP precipitation during the dry season (December–March) 
(r = −0.02, p < 0.001, n = 75, 1979–2016), suggesting that other climatic factors play a dominant role in shaping 
δ 18Oc variability during this season.

3.3.  The ΔSSH Record and Other KI Index

To evaluate our ΔSSH as a proxy for KI strength, we compared the ΔSSH record with a previously defined 
index to measure the KI into the SCS (hereby, KIS) by C.-R. Wu et al. (2017). Note that, our ΔSSH reflects the 
variability in SSH across the Luzon Strait, which essentially drives the KI. In contrast, the KIS index from C.-R. 
Wu et al. (2017) only quantified the monthly mean sea level within a spatial subdomain of the SCS (115–120°E, 
15–20°N), which might be influenced by local wind patterns as well as potential height variations. Despite the 
differences in their definitions, Figure S12 in Supporting Information S1 shows that both indices display a similar 
pattern and variability. The correlation is noteworthy, with a coefficient of r = −0.83 (p < 0.05, n = 22) when 
applying a 3-year average and r = −0.88 (p < 0.01, n = 24) when using an 11-year low-pass filter.

Additionally, we conducted a comparison between the calculated ΔSSH record and our δ 18Oc during the dry 
season (December–March) and the wet season (June–September) from 1993 to 2015 to examine the relation-
ship between the KI and δ 18Oc variations in different seasons. Figure S13 in Supporting Information S1 illus-
trates a robust correlation between the ΔSSH record and our δ 18Oc record, particularly during the dry season 
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(December–March) (r = 0.92, p < 0.05, n = 23), when applying an 11-year low-pass filter. This finding supports 
the robustness of our δ 18Oc record in capturing KI signals on decadal timescales.

4.  Discussion
4.1.  Coral-Derived Sr/Ca and δ 18Oc in the Northern SCS

Coral-inferred SST and SSS records have been used to investigate hydrological patterns in the tropical Pacific 
and the SCS (e.g., Bolton et al., 2014; Nurhati et al., 2011; Ramos et al., 2020). We observed a strong corre-
lation between our coral-derived proxies (Sr/Ca and δ 18Oc) and instrumental data (i.e., OISST and IAP-05 
SSS). However, it is important to validate the sensitivity of coral Sr/Ca and δ 18O to regional environmental and 
climatic changes, as these may differ between coral colonies (Alpert et al., 2016; Correge et al., 2004; Sayani 
et al., 2019), due to vital effects (Kuffner et al., 2012; Watanabe et al., 2007) or stressful conditions (Marshall & 
McCulloch, 2002).

To address these issues, we compared our coral Sr/Ca and δ 18O records with those from Houbihu, southern 
Taiwan (Ramos et al., 2020). We observed a similar pattern of Sr/Ca profiles between Dongsha and Houbihu 
during their contemporaneous growth period of 1952–2012 (r = 0.74, p < 0.01, Figure S14 in Supporting Infor-
mation S1). Furthermore, the average Sr/Ca value in Dongsha of 8.97 mmol/mol is slightly higher than that of 
Houbihu (1952–2012) at 8.89 mmol/mol. This observation is consistent with instrumental data that shows SST is 
generally lower in Dongsha Atoll than that of Houbihu. Our Dongsha record also exhibits a similar trend in δ 18Oc 
compared to other coral records from southern Taiwan (e.g., X. Li et al., 2017, 2023; Ramos et al., 2020) at both 
bi-monthly and annual timescales (Figure S15 in Supporting Information S1). This similarity suggests that our 
Dongsha record reliably captures the variations in SSS/SST within the northern SCS region.

4.2.  Reconstruction of the KI From Dongsha Coral Geochemistry Proxies

A stronger KI is expected to increase the influx of warm and salty water into the SCS during the dry season 
(December–March), resulting in higher SST and SSS. Previous studies have explored the relationship between 
the KI transport and SST in the northern SCS. For example, Farris and Wimbush (1996) suggested that SST may 
not be a reliable indicator to distinguish the KI pathway from the SCS waters when the temperature difference 
between the KI and the SCS surface water is smaller in summer. However, Chang et al. (2022) suggested that 
SST can be used to investigate the long-term KI changes because intense KI will cause more cold subsurface 
water of Kuroshio Current to upwell onto the surface, resulting in cooler SST, and vice versa. Additionally, the 
temperature-salinity dominated coral geochemical signals from southern Taiwan were used as proxies to inves-
tigate changes in the Kuroshio Current and KI transports (e.g., X. Li et al., 2017, 2023; Ramos et al., 2020). 
To investigate the relationship between the strength of the KI into the SCS and coral-derived Sr/Ca record, we 
compared Dongsha coral Sr/Ca record with the ΔSSH record during the dry season (December–March). Figure 
S16 in Supporting Information S1 shows that the Sr/Ca record does not exhibit a significant relationship with 
the strength of the KI into the SCS, implying that SST reconstructed from Dongsha coral cannot differentiate KI 
water from SCS water. As the strong KI in the Luzon Strait occurs in the dry season (December–March) when 
the SCS water becomes colder, the temperature difference between the KI and the SCS surface water may not 
be indiscernible to observe in coral-inferred SST records. Taken together, Dongsha Sr/Ca record mainly reflects 
regional SST variations rather than the KI transport.

In contrast, Dongsha δ 18Oc and the ΔSSH records during the dry season (December–March) exhibit a similar 
pattern between 1993 and 2015 (Figures S13 and S16 in Supporting Information S1). The relationship between 
the two records become even stronger when applying a 3-year average and an 11-year low-pass filter (Figure S17 
in Supporting Information S1). Thus, Dongsha δ 18Oc can serve as a sensitive and reliable proxy for KI variability. 
This agreement also suggests that water mass advection from the Luzon Strait, which is primarily influenced by 
KI strength, has a significant impact on the SSS variability of the surrounding waters at Dongsha Atoll.

Dongsha δ 18Oc record presents clear interannual and decadal variations. In particular, the record registers rela-
tively high δ 18Oc between the early 1950s and the late 1960s, with the maximum δ 18Oc appeared in the mid 
1960s. This indicates that KI strength also varies on interannual and decadal timescales, and likely reached its 
strongest condition during the mid to late 1960s.
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4.3.  Dry-Season KI Variations and the Driving Forces

What may have caused the interannual to decadal changes in KI strength? Previous studies on geochemical signa-
tures in corals from the SCS have linked the northern SCS climate variability on seasonal to decadal time scales 
to the activity of the East Asian monsoon, ENSO, and PDO (Figure 3a) (Deng et al., 2013; Han et al., 2020; X. 
Li et al., 2017, 2023; Ramos et al., 2020; Su et al., 2006; Yu et al., 2005). Very few of them however focus on KI 
variability, and typically in averaged the whole yearly signals are averaged for the comparisons (with a notable 
exception of Ramos et al. (2020)). Here, we used the winter-only indices of EAWM, Nino3.4, and PDO, averaged 
over the period from December to March of the following year (the dry season), to investigate the driving forces 
of the KI variations on interannual and decadal timescales (Figure 3).

Figure 3.  (a) Schematic of the driving forces, including the East Asian winter monsoon (EAWM), El Niño-Southern 
Oscillation (ENSO), and the Pacific Decadal Oscillation (PDO), that influence the Kuroshio intruding processes into the 
SCS. (b) The analysis of the annual dry season δ 18Oc values in Dongsha, comparing with several environmental indices: the 
ΔSSH record, the EAWM index, the Nino3.4 index, and the PDO index. The thin lines represent annual dry season change 
of the indices, while the thick lines show the index records after applying an 11-year low-pass filter. (c1) Upper: Comparison 
of the 2-4-year filtered records of Dongsha coral δ 18Oc and the EAWM index. Lower: 11-year moving correlation between 
the two records, which reveals a significant correlation from the 1970s to the 1980s, as well as the early 2000. (c2) Upper: 
Comparison of the 2-7-year filtered records of Dongsha coral δ 18Oc and the Nino3.4 index. Lower: 11-year moving 
correlation between the records, which shows a moderate-strong correlation between the 1980s and 1990s.
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The northern SCS is influenced by monsoons, particularly the EAWM, which plays an important role in ocean 
and climate variability on seasonal to interannual time scales (e.g., Jiang et al., 2023; Murty et al., 2017; Ramos 
et al., 2020). During weak EAWM periods, warmer and wetter conditions occur, leading to relatively low SSS in 
the SCS. When the intensity of the EAWM increases, a low-level northeasterly wind blowing from East Asia to 
the low latitudes in the western Pacific weakens the northward-flowing Kuroshio Current, resulting in enhanced 
KI with more salty water flowing into the SCS. To examine the influence of EAWM on surface water salinity 
in the northern SCS, we compared the dry season δ 18Oc values in Dongsha to the EAWM index (L. Wang & 
Chen, 2014). Because the spectral analysis shows interannual variability of δ 18Oc, we compared the 2-4-year 
filtered δ 18Oc and the EAWM index during the dry season (December–March) (Figure  3). The comparison 
reveals a robust correlation (i.e., correlation >0.6) during the 1970s and 1980s. The correlation was weaker 
during the 1990s and became enhanced again after the early 2000s. Similarly, cross-wavelet analysis conducted 
between Dongsha δ 18Oc and the EAWM index also reveals a noteworthy correlation in the 1970s–1980s and the 
early 2000s, within a period band of approximately 2–4 years (Figure S18 in Supporting Information S1).

ENSO plays a crucial role in impacting changes in SSS and the strength of the Kuroshio Current on interannual 
time scales (Weiss et al., 2021; C.-R. Wu, 2013). During El Niño years, the northward shift of the North Equa-
torial Current bifurcation latitude results in a weaker Kuroshio Current transport and stronger KI. Indeed, when 
comparing annual dry season Dongsha δ 18Oc with the ENSO index by Nino3.4 SST (https://climatedataguide.ucar.
edu/climate-data/), we observed that elevated δ 18Oc values and increased KI strength tend to coincide with more 
positive Nino3.4 index values (Figure 3b). However, the correlation between the coral δ 18Oc and the ENSO index 
is rather weak and only reaches moderately strong between the 1980s and 1990s, as shown in their 2-7-year filtered 
data (Figure 3c). Consistently, cross-wavelet analysis only shows a relatively high correlation between the δ 18Oc and 
ENSO index in the 1980s–1990s, within a period band of approximately 4–6 years (Figure S18 in Supporting Infor-
mation S1). On the decadal timescales, the cross-wavelet analysis indicates a strong correlation between the δ 18Oc 
and ENSO from the 1970s to the 1990s. However, the ENSO state remained neutral when  the strongest KI occurred 
during the 1950s–1960s. It appears that ENSO and the EAWM may have alternatively dominated the influence on 
KI strength, particularly on the interannual timescales. For example, strong coherence between the EAWM and KI 
strength appears during the 1970s and 1980s as well as after the early 2000s, but strong coherence between ENSO 
and KI strength is observable during the 1980s and 1990s (Figure 3c; Figure S18 in Supporting Information S1).

The variability of the KI may not be solely attributed to the EAWM and ENSO. Our spectral analysis of Dongsha 
δ 18Oc reveals a distinct peak at a period of approximately 33 years (Figure S11 in Supporting Information S1), signi-
fying decadal variability in the record with significance exceeding 90%. This decadal variability may appear to be 
influenced by the PDO. On the decadal timescale, statistical analysis has shown a strong connection between KI vari-
ables and the PDO phases from the 1990s to the 2010s (C.-R. Wu, 2013). The warm PDO phase during this period is 
linked to an anomalous anticyclonic wind field over the Philippine Sea, which reduces the Kuroshio Current transport 
off Luzon and increases the KI into the SCS. However, as depicted in Figure 3b; Figure S18 in Supporting Informa-
tion S1, the correlation between the Dongsha δ 18Oc and the PDO remains weak during the 1950s and 1970s, when 
the PDO is in its cold phase. On the other hand, Dongsha δ 18Oc exhibits a negative association with the PDO during 
its warm phases in the 1980s (Figure 3b). This is in contrast to the view that KI strength would increase during the 
warm phase of the PDO (e.g., C.-R. Wu, 2013). When examining wavelet analyses, we did not observe robust signals 
at decadal timescales when comparing winter δ 18Oc to the PDO (Figure S18 in Supporting Information S1). This may 
result from the short duration of our record, so that the cone of influence in the wavelet analyses could not encom-
pass specific segment for investigation. We suggest that the PDO may overall have a minor effect on KI strength. 
Alternatively, the PDO may indirectly modulate KI strength through its influence on ENSO activities. A warm PDO 
phase can enhance El Niño (J.-W. Kim et al., 2014; L. Wang et al., 2008), which can then intensify the water advec-
tion across the Luzon Strait into the SCS. Indeed, the most recent strong KI periods registered between 1990s and 
2000s, when El Niño conditions dominated and the PDO was broadly in its warm phase (Figure 3b). Conversely, the 
cold PDO phase post the 2000s through 2010 probably favors La Niña conditions (J.-W. Kim et al., 2014; L. Wang 
et al., 2008), and they jointly weakened the KI. Nevertheless, longer records, particularly in situ observation data, are 
needed to further examine the interactions between the PDO and ENSO, and their impacts on KI strength.

5.  Conclusions
In this study, we present a 60-year Porites δ 18Oc record from Dongsha Atoll, located in the northern SCS. 
Our results demonstrate that the coral δ 18O records can provide a reliable representation of the ocean surface 
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temperature and salinity conditions in the northern SCS. The SSS variation is highly influenced by the change in 
KI strength, as evidenced by the strong similarities between our δ 18Oc record and KI variability. We therefore used 
δ 18Oc to investigate regional hydrological changes. We found that the KI exhibits interannual to decadal-scale 
variabilities. Particularly on the interannual timescales, KI strength was predominantly controlled by the EAWM 
during the 1970s and 1980s and after the early 2000s, while KI strength was more influenced by ENSO between 
the 1980s and 1990s. Moreover, our study also highlights the PDO’s indirect impacts on KI variability through 
its modulation on ENSO variations.

The KI plays a crucial role in shaping the hydrological conditions and marine ecosystem of the northern SCS. 
Its impacts on SST, SSS and nutrient availability can in turn have significant influences on the composition and 
distribution of regional marine communities. These alterations probably have cascading effects on trophic inter-
actions, species dynamics, and biogeochemical processes in the marine environment. Climate models in general 
suggest that the EAWM will weaken in the future warming climate (e.g., Kang et al., 2022; Zhao et al., 2021). On 
the other hand, a majority of the models show a more frequent occurrence of El Niño events under anthropogenic 
warming (e.g., Cai et al., 2021). If the controlling mechanisms we identified hold true in the future, changes in 
EAWM and ENSO conditions will then have counteracting effects on KI's variability. Thus, it remains uncertain 
how future KI would impact the hydrological conditions and marine ecosystem in the northern SCS.
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