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Introduction


Using three moorings deployed at 122.7°E, 123°E, and 123.3°E along 18°N from January 2018 to May 2020, this study investigates the seasonal variability of the Kuroshio Current (KC).







Methods


Sensitive experiments were conducted with the Regional Ocean Modeling System (ROMS).







Results


In 2019, the KC exhibited a typical seasonal cycle, being relatively strong during spring, summer, and winter, with the weakest flow occurring in autumn. In contrast, the KC displayed an atypical seasonal cycle in 2018, characterized by two distinct intraseasonal intensification events in late September and early November. The ROMS experiments revealed that local winds within the region (120°E–125°E, 15°N–20°N) were the primary driver of this atypical cycle. During the two key periods, persistent negative wind stress curl anomalies east of the mooring stations induced integrated positive sea surface height anomalies and corresponding northward meridional velocity anomalies via geostrophic balance.







Discussion


In 2019, the wind stress curl anomaly phases reversed compared to 2018, leading to the absence of the two peaks observed in the previous year.
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1 Introduction


In the North Pacific Ocean, the westward-flowing North Equatorial Current (NEC) bifurcates upon encountering Philippines (Zhai et al., 2014b, 
Figure 1
), splitting into the northward Kuroshio Current (KC) (Nitani, 1972; Gordon et al., 2014; Qiu et al., 2014) and the southward Mindanao Current (MC) (Hu and Cui, 1991; Tozuka et al., 2002; Wang et al., 2016). Beneath these surface currents, the North Equatorial Undercurrent (NEUC) (e.g., Qiu et al., 2013; Zhang et al., 2017), Luzon Undercurrent (LUC) (e.g., Qu et al., 1997; Hu et al., 2013), and Mindanao Undercurrent (MUC) (e.g., Qu et al., 2012; Kashino et al., 2015; Hu et al., 2016) flows eastward, southward, and northward, respectively.


[image: Map depicting ocean currents in the Northwest Pacific. Arrows indicate current directions and speeds, with the Kuroshio Current (KC) flowing northeast via Tokara Strait and Luzon Strait. The North Equatorial Current (NEC) runs westward, while the Mindanao Current (MC) flows southward. Color variations represent ocean depth, with a scale bar on the right indicating depths from zero to ten thousand meters. Yellow streamlines emphasize current patterns.]
Figure 1 | 
Bathymetry and current patterns in the Western Pacific Ocean. The background mean geostrophic current vectors (1993-2019, from Copernicus Marine Service; https://marine.copernicus.eu/) are shown as yellow arrows. Major surface currents, including the North Equatorial Current (NEC), Kuroshio Current (KC), and Mindanao Current (MC), are schematically represented by black solid arrows. Subsurface undercurrents, including the North Equatorial Undercurrent (NEUC), Luzon Undercurrent (LUC), and Mindanao Undercurrent (MUC), are denoted by red dashed arrows. The mooring locations at 122.7°E, 123°E, and 123.3°E along 18°N are marked by magenta crosses. The Luzon Strait and Tokara Strait are labeled. Bathymetry data are from GEBCO (https://download.gebco.net/).




The KC, a powerful western boundary current of the North Pacific subtropical gyre, transports warm water northward along Luzon Island (Lien et al., 2015). A portion of the KC intrudes into the South China Sea (SCS) via the Luzon Strait (Wu and Chiang, 2007; Qu et al., 2009), while the remainder flows northeastward past Taiwan and along the Ryukyu Islands and Japan. Near 35°N–40°N, it transitions into the Kuroshio Extension (Qiu et al., 1991; Joyce et al., 2001; Nakano et al., 2013; Sasaki and Minobe, 2015). The KC plays a pivotal role in global climate regulation, marine ecosystems, and regional weather patterns (Kwon et al., 2010; Hu et al., 2015).


Characterized by high velocities (>1 m/s) and warm water masses, the KC exhibits complex spatiotemporal variability driven by atmospheric and oceanic interactions. Long-term trends in KC strength have been reported, but their sign and magnitude show regional dependence. Mooring observations from 2010–2012 at 18°N revealed an increasing trend in KC velocity, linked to upper-ocean responses to low-frequency wind forcing (Chen et al., 2015). In contrast, Liu et al. (2021) documented a weakening trend during the 1998–2013 global warming hiatus near the Tokara Strait, suggesting flow-path dependence. On decadal and interannual timescales, the KC transport and its pathway are subject to substantial variability, primarily forced by large-scale wind anomalies over the Pacific Ocean associated with climate modes like the Pacific Decadal Oscillation (PDO) and the El Niño–Southern Oscillation (ENSO) (e.g., Qiu and Chen, 2010; Qiu et al., 2017). These low-frequency variations can modulate the strength of the KC by influencing the NEC (e.g., Zhai and Hu, 2013; Zhai et al., 2013) and the position of its bifurcation (Zhai et al., 2014a), which ultimately determines the energy partition between the northward-flowing KC and the southward-flowing MC. The combined influence of local and remote winds on this interannual-to-decadal KC variability has been highlighted (Fan et al., 2025). The KC also displays pronounced intraseasonal variability (20–120 days), driven by cyclonic and anticyclonic eddies along its path (Kakinoki et al., 2008; Andres et al., 2017; Mensah et al., 2020; Yuan et al., 2024).


Seasonally, the KC typically peaks in transport during winter–summer and reaches a minimum in fall along 18°N (Qu et al., 1998; Lien et al., 2014). This well-established seasonal pattern is predominantly governed by the basin-wide wind forcing over the North Pacific. The strengthening of the KC from winter to summer is largely driven by the intensification of the basin-scale anticyclonic wind stress curl, which strengthens the North Pacific subtropical gyre. The autumn minimum, conversely, is associated with the weakening of this wind stress curl and the arrival of upwelling Rossby waves. These waves manifest as negative sea surface height anomalies (SSHa) at the western boundary in autumn, reducing the geostrophic transport through Sverdrup balance and western boundary current dynamics (e.g., Qiu and Lukas, 1996; Yaremchuk and Qu, 2004). While consensus exists on its fall weakening, the season of maximum strength remains debated. Recently, Wang et al. (2022) reported an atypical seasonal cycle in 2018, attributing it to intraseasonal signals without addressing the roles of local wind and Rossby waves—key drivers of seasonal variability in wind-driven currents. This study investigates the atypical seasonal cycle of the KC in 2018, which was characterized by pronounced intraseasonal peaks during autumn, with a focus on quantifying the contributions of local wind and Rossby waves to this anomalous seasonal pattern through targeted model experiments.


This paper is organized as follows. The data and method are introduced in section 2. In section 3, the mean structure and atypical seasonal cycle of the KC in 2018 and then its dynamics are investigated. A conclusion is presented in section 4.






2 Data and method





2.1 Acoustic doppler current profilers data


To investigate the variability of the KC and LUC, three moorings were deployed at 122.7°E, 123°E, and 123.3°E along 18°N from January 2018 to May 2020. Each mooring was equipped with upward- and downward-looking 75 kHz ADCPs mounted at 450 m on the main float, configured with 60 bins (8 m per bin), providing a vertical observation range of 480 m. The combined velocity measurements from both instruments covered approximately 900 m of the water column. The observed velocity profile (~900 m) encompasses the core water masses of the KC system in this region. The KC is a surface-intensified flow, typically confined to the upper ~500 meters of the water column, characterized by its warm and saline water. Beneath the KC, the LUC, which carries colder, less saline water, flows equatorward. Our observational depth range therefore adequately captures the full vertical shear structure of the KC and the underlying LUC, allowing for a comprehensive analysis of their variability. Note that the downward-looking ADCP at 123°E/18°N malfunctioned. The raw data had vertical and temporal resolutions of 8 m and 1 hour, respectively. These raw data underwent a rigorous quality control procedure, during which data points were excluded if the recorded horizontal current velocity exceeded 2 m/s, the instrument tilt (pitch or roll) was greater than 18 degrees, or the percent good value fell below 80%. This process ensured the removal of spurious measurements caused by extreme events, mooring instability, or poor acoustic backscatter. Following quality control, the validated data were linearly interpolated onto a uniform vertical grid with 1-meter resolution and then averaged into daily means. Finally, due to strong beam echo interference, velocity measurements in the upper 50 m were excluded from the final analysis.






2.2 Global sea surface height data


The SSH dataset from the Copernicus Marine and Environment Monitoring Service (CMEMS) is an indispensable resource for researchers investigating oceanography. Its combination of satellite-based measurements, high-resolution data, and robust uncertainty estimates provides a comprehensive framework for advancing our understanding of global sea level dynamics. Daily SSH and geostrophic current data (0.25° × 0.25° resolution) from 1993–2019 were obtained from https://marine.copernicus.eu/. These satellite-derived datasets are widely used in oceanographic research due to their high resolution and robust uncertainty estimates.






2.3 HYbrid coordinate ocean model data


HYCOM is a widely used numerical ocean model that simulates ocean circulation and other physical processes. It uses a hybrid coordinate system, combining sigma levels (vertical coordinates based on pressure or density) with a time-dependent vertical grid to better represent the complex topography of the ocean. The model provides gridded outputs for temperature, salinity, currents, and surface height. In this study, HYCOM data with a horizontal resolution of 1/12° and 40 vertical levels were used, available at https://tds.hycom.org/thredds/catalog.html.






2.4 Ocean General circulation model for the earth simulator data


OFES, a high-resolution model developed by Japan Agency for Marine-Earth Science and Technology (JAMSTEC) and National Oceanic and Atmospheric Administration (NOAA)/Geophysical Fluid Dynamics Laboratory (GFDL), was used to analyze the relationship between local wind stress and the atypical seasonal cycle of the KC in 2018. The surface wind stress data, which are 3-day means, had a horizontal resolution of 0.1° and were sourced from http://apdrc.soest.hawaii.edu/dods/iprc_esc/OfES/. The wind stress curl from the OFES reanalysis was employed for the diagnostic analysis of the wind forcing mechanism, independent of the bulk algorithm used for the model forcing.






2.5 Regional ocean modeling system


The ROMS model is designed to simulate various oceanographic conditions like temperature, salinity, and currents over specific regions. It is characterized by high resolution, efficient computational requirements, and integration with other datasets or models. The model domain in the present study is in 15°N–20°N, 120°E-260°E, with a horizontal resolution of 10 km ×10 km and 15 vertical s-coordinate levels that are terrain-following and stretched to better resolve the upper ocean. The model’s initial conditions and lateral open boundary conditions were provided by the daily HYCOM reanalysis data (see Section 2.3 for data source details). A radiation condition was applied at the open boundaries, with nudging to the HYCOM data for temperature, salinity, and velocities to maintain consistency with the large-scale oceanic state.


The HYCOM global reanalysis data, used to provide lateral boundary conditions for the ROMS model, were quantitatively validated against in-situ mooring observations at 122.7°E, 18°N to ensure their reliability in the study region. The validation period was set from 25 January to 31 December 2018 to align with the specific focus of this paper, which investigates the atypical seasonal cycle of that year. The time series from both datasets were low-pass filtered to retain synoptic and lower-frequency signals. Statistical comparison based on the resulting 341 concurrent data points revealed a highly significant positive correlation (R = 0.59, p < 0.001), a negligible mean bias of 0.0039 m/s, and a root-mean-square error of 0.3240 m/s. These results demonstrate that the HYCOM data accurately capture the temporal evolution and mean state of the currents, providing high-confidence boundary forcing for our regional simulations.


Different wind products were employed for the model forcing and diagnostic analysis based on their respective strengths. The ROMS simulations were forced with hourly 10-m wind fields from the fifth generation of the European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis (ERA5), for its high temporal (hourly) resolution, which is crucial for accurately capturing the diurnal cycle and high-frequency synoptic events that can influence ocean mixing and dynamics.


For the diagnostic analysis of wind stress curl in Section 3.4, we utilized the OFES product. Although it has a coarser temporal resolution (3-day means), OFES provides directly calculated wind stress curl fields that are dynamically consistent and well-validated for oceanographic studies. In contrast, deriving accurate wind stress curl from ERA5 would require additional processing and scaling, introducing potential uncertainties. The choice of each product was therefore optimized for its specific application.







3 Results





3.1 Mean structure of the KC


The mean meridional velocities from mooring observations (January 2018–May 2020) and HYCOM data (January 2015–May 2019) are shown in 
Figure 2
. In this study, positive values denote eastward (u) and northward (v) velocities in all data processing and figures. Both datasets exhibit consistent spatial patterns across the three mooring stations (122.7°E, 123°E, and 123.3°E). The KC’s maximum velocities are concentrated in the upper 150 m, with mooring-recorded peaks of 72.4 cm/s (63 m depth), 40.6 cm/s (62 m), and 19.5 cm/s (115 m) at each station, respectively. HYCOM simulations show similar trends but with surface-intensified maxima (60.63 cm/s, 38.34 cm/s, and 22.88 cm/s). The westward intensification of the KC, with the maximum mean velocity occurring at the westernmost mooring (122.7°E), clearly indicates that its core lies further west. This finding is conclusively corroborated by independent observations. Satellite altimetry places the core near 122.625°E/18.125°N (Wang et al., 2022), while direct PIES measurements provide the most precise location, showing the annual-mean Kuroshio axis is at 122.43°E, within a narrow range of 122.35°E to 122.52°E at this latitude (Lien et al., 2014). Below 500 m, the LUC is observed only at the 122.7°E/18°N mooring.


[image: Three panels labeled a, b, and c compare velocity profiles at different longitudes (122.7°E, 123°E, 123.3°E) against depth in meters. Each panel shows two lines: one red and one blue, with depth ranging from 0 to 800 meters and velocity from 0 to 1 meters per second.]
Figure 2 | 
Mean meridional velocities from mooring observations (red lines; January 2018–May 2020) and HYCOM data (blue lines; January 2015–December 2019) at (a) 122.7°E, (b) 123°E, and (c) 123.3°E along 18°N. Black line indicates zero velocity (units: m s-¹).








3.2 Seasonal variability of the KC


Time series from the moorings (
Figure 3
) reveal coherent phase but declining magnitude eastward from 122.7°E to 123.3°E. In 2019, the KC showed typical seasonal behavior, being relatively strong in winter–summer and weakest in autumn, consistent with prior studies (Qiu and Lukas, 1996; Yaremchuk and Qu, 2004). In contrast, 2018 showed an atypical cycle dominated by two distinct intraseasonal velocity peaks in late September and early November, which collectively altered the typical seasonal evolution of the current (e.g., Lien et al., 2014; Qiu and Lukas, 1996).


[image: Three contour plots showing depth variations over time at different longitudes. Each plot displays data from 2018 to 2020. Depth is measured in meters from 0 to 800. Red and blue colors indicate different levels, with a scale from -1 to 1 on the right. The plots are labeled as a) 122.7°E, b) 123°E, and c) 123.3°E.]
Figure 3 | 
Meridional velocities from ADCP measurements at (a) 122.7°E, (b) 123°E, and (c) 123.3°E along 18°N (units: m s-¹).




The mooring observations indicate that the anomalous seasonal cycle in 2018 was dominated by intraseasonal intensification events. A quantitative spectral analysis of these records, as detailed in our previous study (Wang et al., 2022), revealed that the energy of the 50–60 day intraseasonal band in the upper 350 m was significantly stronger in 2018 than in 2019 at all three mooring stations. This interannual difference in intraseasonal energy levels provides a quantitative measure of the unique character of the 2018 time series shown in 
Figure 3
. Furthermore, the energy of these signals attenuated from west to east, indicating that the intraseasonal forcing was strongest near the core of the KC, which is located west of the mooring array.


The mooring data, while providing high-resolution temporal and vertical variability, are sporadic in space and cannot directly resolve the larger spatial context of the KC, such as zonal path shifting. Furthermore, it is difficult to derive the exact seasonal cycle and discuss its dynamics from a short, discontinuous record alone. To contextualize these point observations and verify their representativeness, we compared them with satellite and HYCOM data, which show similar trends during the study period (
Figure 4
). The monthly mean geostrophic velocity anomalies (
Figures 5a-c
) place the observations within a long-term climatological framework, confirming the atypical autumn strength in 2018.


[image: Three line graphs labeled a, b, and c, display velocity data (V in meters per second) over a year. Each graph corresponds to different coordinates: a) 122.7°E/18°N, b) 123°E/18°N, c) 123.3°E/18°N. They compare measurements from four sources: Mooring, Satellite, HYCOM, and ROMS, shown in black, green, blue, and red lines respectively. The x-axis shows months from January to December, and the y-axis ranges from -2 to 2 m/s.]
Figure 4 | 
Surface meridional velocity anomalies in 2018 from ADCPs (black solid line), satellite altimetry (green solid line), HYCOM (blue dashed line), and ROMS (red dashed line) at (a) 122.7°E, (b) 123°E, and (c) 123.3°E along 18°N (units: m s-¹).




[image: Three panels show color-coded contour plots of Va data. Panel a) presents monthly mean Va, Panel b) shows Va in 2018, and Panel c) depicts Va in 2019. Each panel includes values from blue to red, indicating variations from -0.5 to 0.5. Coastal lines at 123°E, 124°E, and 125°E are marked, with months labeled along the vertical axis on the left of each panel.]
Figure 5 | 
Meridional velocity anomalies along 18°N from satellite data in (a) monthly climatology, (b) 2018, and (c) 2019 (units: m s-¹).




To further explore the spatial context, we examined the high-resolution HYCOM reanalysis. The analysis indicates that the seasonal velocity variations recorded at the mooring array are primarily linked to changes in the current’s intensity rather than a major zonal migration of its core. The core of the KC, as identified by the maximum velocity axis in HYCOM, remains west of the westernmost mooring (122.7°E) throughout the year (
Figure 2
). This supports the interpretation that the moorings are sampling the main flow of the KC, and that the observed seasonal signal is a reliable indicator of the integrated transport variability of the KC mainstream at this latitude.






3.3 Relative contribution from local wind and Rossby waves


The agreement between the mooring and satellite data indicates that the KC could be considered as a geostrophic current. In other words, the two peaks in late September and early November are attributed to the variability of SSH. The seasonal cycle of monthly mean sea surface height anomaly (SSHa) and the SSHa in 2018 and 2019 along 18°N are shown in 
Figures 6a, b and c
, respectively. In 
Figure 6a
, the SSHa is generally monotonic increasing in the first half of the year to a July maximum. In the second half of the year, it is almost monotonic decreasing. In addition, the seasonal phase generally delays towards west, resulting in the gradient of SSHa is almost positive/negative in the first/second half of the year except in winter, explaining the KC’s typical autumn minimum through geostrophic balance. While 2019 and early 2018 followed this typical cycle (
Figures 6b,c
), autumn 2018 showed an anomalous double-peak structure in SSHa that disrupted the expected seasonal decline, corresponding to the observed KC velocity maxima.


[image: Three panels depict sea surface height anomalies (SSHa) with contours over time and longitude (123-125°E). Panel a shows monthly mean SSHa with values from December to January, ranging from -0.03 to 0.12. Panels b and c show SSHa for 2018 and 2019, with varying patterns. Color gradients from blue to red represent values from -0.3 to 0.3.]
Figure 6 | 
Satellite-derived SSHa along 18°N in (a) monthly climatology, (b) 2018, and (c) 2019 (units: m).




Previous work (Wang et al., 2022) identified enhanced 50–60 day intraseasonal variability in the upper ocean during 2018 compared to 2019 at our mooring stations, potentially linked to the observed autumn double-peak structure. However, the underlying dynamical mechanisms remained unquantified. In this paper, the dynamics of the atypical seasonal variability of the KC in 2018 is discussed associated with the local wind and Rossby waves, which are the key factors in the wind-driven ocean circulations and well demonstrated by the linearized reduced-gravity equation as follows (e.g., McCreary, 1981; Yan et al., 2014).
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Local wind significantly influences SSHa variability through Ekman pumping. A positive (negative) wind stress curl anomaly generates a corresponding negative (positive) SSHa. In the North Pacific Ocean, the seasonal phase of wind stress curl is largely latitudinally uniform, except near the western boundary (figure not shown), which may drive distinctive seasonal variability of the KC. The SSHa induced by local wind propagates westward via Rossby waves (Chelton and Schlax, 1996). Due to varying propagation distances, the signal arrives at the western boundary with phase differences. There, the SSHa can be interpreted as the superposition of wind forcing effects across the same latitude in the North Pacific Ocean. In other words, the SSHa at the western boundary reflects the zonal integration of both local and remote influences. Notably, Rossby wave propagation speed decreases with increasing latitude, resulting in a westward delay in the seasonal phase of SSHa along 18°N (
Figure 6
).


The ROMS is a three-dimensional, free-surface, terrain-following numerical model. Prior to the sensitivity experiments, we evaluated the model’s performance in representing the current characteristics of the study region. A comparison of the surface meridional velocities from the ROMS control run with in situ mooring observations, satellite data, and HYCOM outputs at the three mooring stations is presented in 
Figure 4
.


A detailed intercomparison of the four datasets offers valuable insights into their characteristics. The model demonstrates a strong agreement with the independent datasets in capturing the timing of the major variability events, including the atypical double-peak in autumn 2018. The mooring and satellite altimetry data show strong agreement on seasonal and intraseasonal timescales, although the satellite product, as expected, attenuates the highest-frequency variability resolved by the hourly mooring records.


The model-data comparison during the two autumn 2018 peak periods reveals a nuanced picture. For the first peak, the ROMS control run shows excellent agreement with the mooring observations, accurately capturing both its timing and amplitude. For the second peak, however, ROMS, along with the HYCOM reanalysis, exhibits a stronger northward velocity anomaly than the in situ data, although the overestimation in ROMS is notably smaller than that in HYCOM. This systematic yet differential bias suggests that while the atmospheric forcing fields common to both models may overestimate the intensity of the wind stress curl anomaly that drove the second event, the ROMS configuration, likely due to its specific physics parameterizations, simulates the ocean’s response to this forcing more accurately than HYCOM.


The inclusion of the HYCOM reanalysis provides a broader context. The fact that both models show a similar bias for the second peak, albeit to different degrees, indicates that the challenge in fully capturing this event’s intensity is not a unique artifact of our specific ROMS configuration but is related to a broader issue, potentially in the common atmospheric forcing. Crucially, the superior performance of ROMS in mitigating this bias, especially its perfect simulation of the first peak, demonstrates that the core physics of the wind-ocean coupling are well represented in our model setup. This performance validates its use for process-oriented diagnosis.


To quantitatively evaluate the model’s performance in capturing the temporal evolution, we calculated the correlation coefficient (R), root-mean-square error (RMSE), and bias against the in-situ mooring observations, which provide continuous, point-on-location measurements ideal for time-series validation. At the representative 122.7°E/18°N site, the ROMS simulation of the low-pass filtered surface meridional velocity anomaly shows a statistically significant correlation with the mooring data (R = 0.52, p < 0.001), with an RMSE of 0.26 m/s and a negligible bias of +0.003 m/s. This quantitative assessment confirms that the model successfully captures the primary low-frequency variability observed. A similarly robust agreement was found between ROMS and the data-assimilative HYCOM reanalysis at this location (R = 0.87, RMSE = 0.29 m/s, Bias = −0.002 m/s), lending further confidence. The statistical metrics at the other mooring sites, while slightly varying in magnitude due to data coverage, consistently showed significant correlations and low errors, thereby rigorously validating the model’s reliability for the subsequent dynamical analysis.


To isolate the relative contributions of wind forcing and Rossby waves to the atypical seasonal cycle of the KC in 2018, we conducted two sensitivity experiments using ROMS. In Experiment 1 (EXP1), winds east of 125°E were held constant at 2018 climatological values, and winds west of 125°E were held constant at 2018 climatological values in Experiment 2 (EXP2). 
Figure 7
 shows that the seasonal cycle from the ROMS control run (which, as demonstrated in 
Figure 4
, aligns closely with HYCOM, satellite and mooring observations) is largely reproduced by EXP1. This indicates that winds west of 125°E dominate the seasonal variability of the KC along 18°N. In contrast, EXP2 eliminated the two autumn 2018 peaks, suggesting that westward-propagating Rossby waves were not a key driver of the atypical variability that year. A detailed quantitative comparison between the sensitivity experiments and the control run reveals an informative pattern. At the core station (122.7°E), EXP1 (local wind) exhibits the highest correlation (R = 0.79), significantly outperforming EXP2 (remote Rossby waves, R = 0.69). A complementary analysis of the RMSE and bias further substantiates this finding: EXP1 yields a lower RMSE and a smaller systematic bias compared to EXP2, indicating a superior overall agreement with the observed amplitude and mean state of the Kuroshio transport. However, the correlation of EXP1 decreases eastward with distance from the local wind forcing source, while EXP2 maintains a stable and spatially uniform correlation across the mooring array. This statistical pattern is consistent with the distinct physical nature of each forcing: the “near-field effect” of local winds versus the large-scale, coherent background modulation expected from remote Rossby waves. The central aim of this study, however, is to diagnose the drivers of the atypical 2018 seasonal cycle, which was defined by two distinct intraseasonal peaks in autumn. Therefore, the capability to reproduce these specific diagnostic events serves as the ultimate criterion for assessment. By this crucial metric, the decisive role of EXP1 becomes unequivocal, as it alone successfully captures the timing and amplitude of both intensification events. In contrast, the temporal evolution simulated by EXP2 is overly smooth and fails entirely to reproduce the defining peaks of the anomaly, a key contributor to its higher RMSE. Consequently, the moderately high correlations in EXP2 likely reflect its skill in simulating the large-scale, low-frequency background variability, which was not the physical driver of the specific anomalous events. In summary, local wind forcing west of 125°E was the indispensable and dominant driver of the atypical 2018 seasonal cycle, whereas remotely generated Rossby waves provided only a spatially coherent background modulation, playing a negligible role in generating the targeted anomaly. In fact, the eastern boundary of local wind forcing was initially set at 140°E before two experiments, yielding results consistent with those shown in 
Figure 7
. Through iterative adjustments, we shifted this boundary westward in the model until reaching 125°E. The final domain for local wind effects was thus defined as the region bounded by 120°E–125°E and 15°N–20°N.


[image: Three line graphs labeled a, b, and c show velocity (V) in meters per second over the months of the year at different coordinates. Graph a is at 122.7°E/18°N, graph b at 123°E/18°N, and graph c at 123.3°E/18°N. Each graph compares three datasets: ROMS (black line), EXP1 (red line), and EXP2 (blue line), with variations in velocity values throughout the year.]
Figure 7 | 
Surface meridional velocity anomalies in 2018 from ROMS simulations: control run (black line), Experiment 1 (red line), and Experiment 2 (blue line) at (a) 122.7°E, (b) 123°E, and (c) 123.3°E along 18°N (units: m s-¹).








3.4 Dynamics of atypical seasonal variability of the KC in 2018


The sensitivity experiments in Section 3.3 have pinpointed the local wind as the key driver. To diagnose the detailed physical process through which this wind forcing operates to generate the specific oceanic anomalies observed in 2018 (and whose absence explains the quiet conditions in 2019), we now turn to a direct analysis of the satellite and wind field data. This observation-based diagnostic approach allows us to visualize the spatial structure and synoptic-scale evolution of the forcing and response, providing a direct link between the atmospheric anomaly and the oceanic current. The ROMS simulations, having already demonstrated the causal relationship, provide the foundation that justifies this closer physical inspection of the observational record.


The surface forcing for the ROMS numerical experiments was derived from the ERA5 reanalysis. It is important to note that ERA5 provides 10-meter wind velocity components but does not output a surface wind stress field directly. Therefore, the wind stress required to force the ocean model was calculated from these winds using established bulk algorithms. The derivation of wind stress from 10-meter winds is a recognized source of uncertainty in oceanographic modeling. This process involves parameterizations for the drag coefficient and atmospheric stability, where different algorithmic choices can lead to quantitatively and sometimes qualitatively different wind stress estimates. To enhance the robustness and objectivity of our diagnostic analysis on wind forcing, we utilized the wind stress field from the OFES reanalysis. The OFES product provides a direct, dynamically consistent, and ocean-model-oriented estimate of wind stress. This strategic choice allows our mechanistic conclusions regarding the dominant physical processes to be based on a forcing field that is independent of the specific bulk algorithm used in our model setup. This approach is a common practice in physical oceanography to isolate diagnostic results from potential biases inherent in the wind stress calculation step.


The analysis of the daily evolution of SSHa (from satellite data) and wind stress curl anomalies (from OFES data) at 3-day intervals reveals the following physical evolution. For the first peak period (22 September to 1 October, 2018), the physical evolution is shown in 
Figures 8a-d
 and 
9a-d
. A strong positive SSHa emerged near 125°E/18.5°N on 22 September (
Figure 8a
) and propagated westward, reaching 124.4°E by 1 October. As this positive SSHa was located east of the mooring stations, it generated a northward geostrophic velocity anomaly through geostrophic balance, consistent with the first observed KC peak.


[image: Series of eight maps illustrating Sea Surface Height Anomalies (SSHa) in the western Pacific from September to November 2018. Each map displays color variations representing SSHa values, with red indicating higher anomalies and blue indicating lower anomalies. Black arrows depict ocean current directions, and plus symbols mark specific locations. Maps are labeled a) through h) with corresponding dates: 22 Sep, 25 Sep, 28 Sep, 1 Oct, 31 Oct, 3 Nov, 6 Nov, and 9 Nov 2018. Color gradient ranges from negative 0.2 to positive 0.2.]
Figure 8 | 
Satellite SSHa and geostrophic currents in the study region (120°E–125°E, 15°N–20°N) during 2018: (a–d) first peak period (22 September–1 October) and (e–h) second peak period (31 October–9 November) (units: m). Three mooring stations are depicted by blue crosses.




[image: Six contour maps display the Curla phenomenon near a coastline over different dates in 2018. Each map shows variations in values, denoted by colored contours ranging from blue to red, representing negative to positive values. Red crosses indicate specific data points. Dates included are September 22, 25, 28, October 1, 31, November 3, 6, and 9. The scale bar ranges from negative five times ten to the power of negative six to positive five times ten to the power of negative six.]
Figure 9 | 
Wind stress curl anomalies (from OFES data) in the study region during 2018: (a–d) first peak period and (e–h) second peak period (units: 10-6 N m-³). Three mooring stations are represented by red crosses.




This oceanic response was driven by the atmospheric forcing. The corresponding wind stress curl anomaly east of the mooring stations was predominantly negative during this period (e.g., 
Figures 9a-c
), which induces Ekman suction and raises sea level, thus generating and maintaining the observed positive SSHa. On 28 September, the extreme values of both the negative wind stress curl and the positive SSHa were concentrated near 18°N–19°N along 125°E (
Figures 8c
, 
9c
), coinciding with the KC maximum.


A key aspect of the wind-ocean coupling is the integration of the wind forcing over time, as expressed in Equation 1. This process is clearly demonstrated by the evolution at the end of the period. On 1 October (
Figure 9d
), the wind stress curl anomaly had shifted to positive, which would act to depress sea level. However, the SSHa remained positive (although weakened, 
Figure 8d
) due to the accumulated effect of the prior persistent negative wind curl forcing. This hysteresis illustrates that the ocean’s response integrates rapid atmospheric variations, resulting in a more slowly varying SSHa field.


A similar mechanism operated during the second peak period (31 October-9 November 2018), albeit with a weaker amplitude. A persistent negative wind stress curl anomaly east of the mooring stations (
Figures 9e-h
) generated a corresponding positive SSHa (
Figures 8e-h
), which in turn produced the second observed KC peak through geostrophic balance.


The quantitative relationship between the forcing and the response is clearly evident as follows. The weaker intensity of the wind stress curl anomaly during this period corresponded to a smaller magnitude of the SSHa compared to the first event. This direct scaling further confirms the dominance of local wind forcing in generating these events.


Although the SSHa magnitude was smaller, the resulting KC velocity anomaly was comparable to the first event. We attribute this to two factors. First, the geostrophic velocity is a function of the gradient of SSHa, not its absolute magnitude. A compact, sharply defined SSHa feature can generate a strong velocity jet even if its peak amplitude is moderate. Second, the peak SSHa during the second event was located closer to the mooring array (
Figures 8e-h
), placing the moorings directly within a region of strong horizontal shear, thereby capturing a stronger velocity signal. After 9 November, the wind stress curl turned positive (figure not shown), leading to the eventual disappearance of the peak.


In stark contrast, the oceanic conditions during the climatologically equivalent periods in 2019 (23 September–2 October and 1–10 November, offset by one day from 2018 due to the 3-day temporal resolution of the OFES data) were fundamentally different. Satellite data reveal a persistent negative SSHa east of the moorings during these periods (
Figure 10
), which would generate a southward geostrophic velocity anomaly.


[image: Eight-panel visualization showing Sea Surface Height Anomalies (SSHa) in the Western Pacific region on various dates in 2019. Each panel, labeled a to h, displays color-coded SSHa ranging from -0.2 to 0.2 meters, with blue indicating lower and red indicating higher anomalies. Black arrows represent water flow direction, and red crosses pinpoint specific locations. Dates span from September 23 to November 10, showing temporal changes in sea surface patterns.]
Figure 10 | 
Satellite SSHa and geostrophic currents in the study region during 2019: (a–d) first period (23 September–2 October) and (e–h) second period (1–10 November) (units: m). Three mooring stations are denoted by red crosses.




This oceanic state was forced by the atmospheric conditions. A predominantly positive wind stress curl anomaly dominated the region (
Figures 11a-c, e-h
, with a brief negative anomaly occurring only on 2 October in 
Figure 11d
). This opposite wind forcing pattern induces Ekman downwelling, which suppresses sea level and is consistent with the observed negative SSHa. The prevailing positive wind stress curl anomaly therefore created the conditions that suppressed northward flow, explaining the absence of autumn peaks in 2019.


[image: A series of maps depicting ocean currents around a landmass at different dates from September to November 2019. Each panel shows color-coded data representing curl magnitude, ranging from blue to red, with contour lines and numeric labels indicating precise values. The panels illustrate changes over time, with blue “+” symbols marking persistent features. A color bar below the maps provides reference for the data values, stretching from blue (negative values) to red (high positive values).]
Figure 11 | 
Wind stress curl anomalies (from OFES data) in the study region during 2019: (a–d) first period and (e–h) second period (units: 10-6 N m-³). Three mooring stations are marked by blue crosses.









4 Conclusions


Utilizing three moorings deployed at 122.7°E, 123°E and 123.3°E along 18°N, the mean structure and seasonal variability of the KC are investigated. The maximum of the mean KC on three mooring stations are all concentrated in the upper 150 m. The mean KC become larger towards the west, suggesting the core of the KC is located west of the 122.7°E along 18°N, which is consistent with the results from previous research (Lien et al., 2014; Wang et al., 2022).


The KC exhibited typical climatological seasonality in 2019, with relatively strong transport in winter, spring, and summer, and minimum in autumn. However, 2018 showed an atypical autumn season characterized by a double-peak structure in the current’s transport. While the individual peaks were intraseasonal in duration, their occurrence and timing resulted from an anomalous seasonal-scale wind forcing pattern over the key region (120°E–125°E, 15°N–20°N), as demonstrated by our ROMS model experiments. Thus, the intraseasonal events were the manifestation of a larger-scale, seasonally-atypical driving mechanism.


The robustness of this wind-driven mechanism is further confirmed by our sensitivity experiment. In EXP2, the removal of the anomalous local wind forcing west of 125°E effectively synthesized a typical Kuroshio state within the same model framework. The resultant disappearance of the double-peak intensification and the reversion to a canonical seasonal cycle demonstrate that the local wind dynamics are necessary for generating the atypical event. This confirms that the identified local mechanism is not an artifact of the specific year but a fundamental process whose outcome is determined by the presence or absence of sustained, anomalous local wind stress curl.


Analysis of SSHa and wind stress curl anomalies reveals the physical mechanism as follows. During the 2018 peak periods (22 Sep–1 Oct and 31 Oct–9 Nov), persistent negative wind stress curl anomalies (except 1 October) generated positive SSH anomalies east of Luzon Island through integrated wind forcing, producing the two observed velocity peaks. Conversely, predominantly positive wind stress curl anomalies during equivalent 2019 periods (23 Sep–2 Oct and 1–10 Nov, except 2 October) created opposite conditions, explaining the absence of autumn peaks that year.


The anomalous acceleration events documented in this study contribute to a growing body of literature on the wind-driven modulation of the KC. The core mechanism, Ekman pumping driven by wind stress curl anomalies leading to geostrophic flow adjustments, is a fundamental process that operates across seasons. This study demonstrates that this mechanism is not limited to explaining the current’s weakening during strong winter monsoons (e.g., Lee et al., 2001; Qiu and Lukas, 1996), but is also the primary driver of its anomalous intensification, as was the case in autumn 2018. What makes our case distinct is the seasonal timing (autumn, typically a period of weakening) and the atmospheric origin (linked to a persistent anomaly in the regional wind field). This juxtaposition of a typical mechanism acting at an atypical time to produce an extreme event provides a deeper insight into the complex interplay between atmospheric variability and western boundary current dynamics.
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