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The strong variability of the Kuroshio northeast of Taiwan is associated with changes in the strength of the Kuroshio shelf intrusion (KSI) in the East China Sea (ECS), which is a westward shift in the Kuroshio toward the shelf region. The KSI contributes to the exchange of different water masses between the shelf and the western boundary current regions, and plays a key role in ecosystem and climate regulation in the ECS and the downstream East Asian Marginal Seas. This study investigates the long-term variability of the KSI northeast of Taiwan during 1993–2018 and examines its relationship to the current and temperature variability in the ECS using a high-resolution ocean reanalysis dataset. The KSI was notably strengthened in 2000–2001, 2005, and 2009. It showed stronger interannual variability during the 2000s, whereas it was relatively stable in the 1990s and the 2010s. The strengthening of the KSI is accompanied by a westward shift of the Kuroshio axis, extending along its downstream path in the ECS. The associated warming is significant at depths >∼50 m but not near the surface. The resultant weakening of the vertical stratification in the shelf region would have important implications for ecosystem variability in the ECS.
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INTRODUCTION

The Kuroshio is a western boundary current in the North Pacific that flows northeastward after entering the East China Sea (ECS) through a passage east of Taiwan (Figure 1). The main axis of the Kuroshio—estimated from the zonal location of the maximum current speed at different latitudes—shows that it is generally confined to the western edge of the Okinawa Trough (Figure 1A). However, the Kuroshio often meanders northeast of Taiwan, and a westward (or onshore) shift toward the continental shelf is referred to as the Kuroshio shelf intrusion (KSI) or onshore intrusion (Tang and Yang, 1993; Chuang and Liang, 1994). The KSI induces an exchange of water and materials between the deep western boundary current region and the shallow continental shelf region, and thereby changes the hydrographic properties in the ECS (Chern et al., 1990; Chen et al., 1995; Lian et al., 2016). The KSI is also responsible for variations in regional ocean circulation, climate, and ecosystem in the ECS (Chow et al., 2015; Sassa and Konishi, 2015; Chen et al., 2016; Chen and Guo, 2020; Liu et al., 2021).
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FIGURE 1. (A,B) Bathymetry from ETOPO2 and the mean path of the Kuroshio; (C,D) mean and (E,F) standard deviation of the surface current speed from monthly mean satellite altimetry for 1993–2018 (left) and monthly mean FORA for 1993–2014 (right). Black contours in panels (A,B) denote 100 and 1,000 m isobaths. The mean path of the Kuroshio, derived by longitudinal positions of maximum current speed at each latitude grid, is displayed as black dots. Black squares denote the Kuroshio shelf intrusion (KSI) domain, and black contours in panels (C–F) denote the 60 cm/s mean speed and the 12 cm/s standard deviation, respectively.


The KSI tends to become stronger in winter than in summer, associated with the changes in the strength of the upstream Kuroshio (Tang and Yang, 1993; Chuang and Liang, 1994; Wu et al., 2014). When the upstream Kuroshio is weak east of Taiwan, the path of the Kuroshio in the ECS shifts toward the shelf region and the KSI strengthens, whereas the path becomes relatively straight along the Okinawa Trough and the KSI weakens with the stronger upstream Kuroshio (Guo et al., 2006; Liu and Gan, 2012; Vélez-Belchí et al., 2013). The intensity of the upstream Kuroshio east of Taiwan is known to be modulated by the arrival of cyclonic and anti-cyclonic eddies from the interior of the North Pacific (Yang et al., 1999; Zhang et al., 2001; Chang and Oey, 2011; Andres et al., 2015; Jan et al., 2015); the westward propagation of the mesoscale eddies contributes strengthening or weakening of the Kuroshio, depending on characteristics of the eddies, e.g., polarity, size, location of arrival, etc. (Yan et al., 2016; Andres et al., 2017; Jan et al., 2017; Chang et al., 2018; Mensah et al., 2020). Furthermore, the relative number and intensity of cyclonic and anti-cyclonic eddies contribute to long-term variability of the upstream Kuroshio east of Taiwan (Hsin et al., 2013; Yin et al., 2019).

Recent analyzes of long-term satellite altimetry and model simulations have shown that the weakening (strengthening) of the Kuroshio and strengthening (weakening) of the KSI are related to the strengthening (weakening) of the northeasterly wind stress in the ECS (Wang and Oey, 2014; Wu et al., 2014); stronger northeasterly wind stress contributes to the weakening of the Kuroshio and strengthening of the KSI. During the strong KSI, the shelf exhibits warming, and the upward surface heat flux increase over the ECS (Liu et al., 2014; Wang and Oey, 2014). The influence of the changes in the KSI strength is observed not only in the surface, but also in the subsurface layers, which would have a significant impact on the shallow shelf region (Yang et al., 2018). The KSI-related changes in the subsurface layer have not, however, been described in detail due to a lack of three-dimensional (3-D) data with a high-resolution that is required to resolve complex topography between the shelf region and the Okinawa Trough in the ECS. Furthermore, it remains as an interesting question to be further explored, whether recent reports of intensified warming over the ECS (Toda and Watanabe, 2020) are associated with the KSI variability (i.e., resulting from changes in the heat advection by Kuroshio rather than surface warming via surface heat flux).

This study investigates the long-term (interannual to decadal) variability of the KSI northeast of Taiwan in the ECS for longer than 20 years using the Four-dimensional variational Ocean Reanalysis for the Western North Pacific over 30 years (FORA) product with the eddy-resolving (∼1/10°) resolution (Usui et al., 2017). Specifically, the present study aimed to determine (1) how the KSI variability derived from surface current velocity is linked to subsurface current variability, and (2) how the KSI variability is related to surface and subsurface temperature variability in the ECS. Long-term variability of the KSI was extracted from both satellite altimetry product and the high-resolution FORA dataset, and its relationship to upper-ocean current and temperature variability was investigated using the FORA. The resulting 3-D relationship between KSI and ocean-environmental variability help better understand the exchanges of water and materials that occur between the deep Kuroshio region (>1,000 m) and the shallow shelf region, as well as associated changes in the hydrographic properties of the ECS.



DATA AND METHODS


Data

Sea surface height (SSH) and geostrophic velocity based on satellite altimetry were obtained from the Copernicus Marine Environment Monitoring Service1 with a spatial resolution of 0.25°. The mean Kuroshio axis derived from the zonal location of the maximum surface geostrophic current speed at each latitude generally follows 1,000-m isobaths (Figure 1A). The standard deviations of the current speed are larger to the east of the mean axis over the Okinawa Trough (Figure 1E). Three-dimensional ocean temperature and current velocity were obtained from the FORA product produced by the Japan Agency for Marine-Earth Science and Technology and Meteorological Research Institute of the Japan Meteorological Agency (Usui et al., 2017). This high-resolution (∼0.1°) reanalysis product includes 17 vertical levels in the upper 200 m, and the shallowest layer is 0.5 m. The FORA successfully reproduces the location of the mean Kuroshio axis, the zonal extent of the Kuroshio, and the location of larger temporal variability in the current speed (Figure 1), which is reasonable because the satellite altimetry was assimilated to FORA. However, FORA generally exhibits larger mean and standard deviations, mostly due to its finer spatial resolution.

Sea surface temperature data were obtained from the Optimal Interpolation Sea Surface Temperature dataset2 with a spatial resolution of 0.25°, which is produced by combining several observation platforms including satellites, ships, and buoys. Wind stress and wind stress curl were calculated using 10-m wind data from the Cross-Calibrated Multi-Platform version 2.0,3 which is reconstructed from satellites, moored buoys, and modeling outputs. In addition, surface heat flux data were obtained from the Objectively Analyzed air-sea Fluxes (OAFlux) project4 with a spatial resolution of 1°. Turbulent heat flux data were calculated as the sum of the sensible and latent heat fluxes, and the surface heat flux refers to the turbulent heat flux in this study. The Pacific Decadal Oscillation (PDO) index was obtained from the National Centers for Environmental Information of NOAA,5 and the Niño3.4 index was obtained from the NCAR Climate Data Guide.6 All data were either obtained as monthly means or averaged monthly, to focus on their long-term variability in the ECS. The analysis period was from 1993 to 2018 (26 years), except for the FORA dataset available until 2014.



Cyclostationary Empirical Orthogonal Function Analysis

The oceanic and atmospheric data in the ECS were analyzed using the CSEOF technique (Kim et al., 1996; Kim and North, 1997). The CSEOF technique decomposes each variable at each vertical level, Data(r,t), into cyclostationary loading vectors (CSLVs), Cn(r,t), which illustrate the spatio-temporal evolution of the nth mode and their corresponding principal component (PC) time series, Pn(t), as follows:
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where n, r, and t denote the mode number, 2-D space, and time, respectively. CSLVs are periodic with the nested period, d, which was set to 12 months, such that each nth mode, Cn(r,t), consists of 12 monthly spatial patterns, thus:
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The derived spatial patterns in this study represent the means of the 12 monthly patterns, as this study focuses on the long-term variability.

The CSEOF technique was applied to the monthly surface current speed of the KSI domain northeast of Taiwan, where the standard deviation of the current speed exhibits larger values over the shelf region (to the west of the mean Kuroshio axis) (Figure 1E). The first mode denotes the seasonal cycle that represents an increase of the current speed during winter and a decrease during summer, and the mean of the 12 monthly patterns is close to zero (not shown). The most dominant mode aside from the seasonal variation represents the long-term variability of the KSI strength, and was defined as the KSI strength mode, K(r,t) and K_index(t). Details of the KSI strength mode are presented in section “Relationship Between the Kuroshio Shelf Intrusion Strength Mode and Surface Variability in the East China Sea.”



Regression Analysis

The relationships between the KSI strength mode and the oceanic and atmospheric variables in the ECS was examined by applying regression analysis in the CSEOF space, as follows:
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where K_index(t) is the target time series (the PC time series of the KSI strength mode) and Pm(t) is the predictor PC time series for mode m of oceanic and atmospheric variables in the ECS. Note that the CSEOF analysis was conducted on each variable at each layer, thus employing the PC time series for the multiple regression in Equation (3). The regression analysis in the CSEOF space finds common long-term undulations between the target KSI strength mode and each predictor variable at each depth. The R-squared values of the regression are presented in Figure 2. Regressed anomalies of the predictor variables were then obtained using regression coefficients, as follows:
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FIGURE 2. R-squared values of the regression analysis of (A) speed and (B) temperature at each depth targeting the KSI strength mode from FORA. Regression anomalies at the depths with red dots are presented in Figures 5, 6.
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FIGURE 3. Kuroshio shelf intrusion strength modes (the second CSEOF modes of the surface current speed over the KSI domain) depicted from (A) satellite altimetry during 1993–2018 and (B) FORA during 1993–2014 with the corresponding PC time series in panel (C). Black contours in panels (A,B) denote 2 cm/s. The correlation coefficients between the solid and dotted line in panel (C) is 0.87 during the period 1993–2014.
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FIGURE 4. Regressed anomalies of (A,B) surface current speed and (C,D) sea surface height targeting the KSI strength modes. Regression analysis was based on satellite altimetry for 1993–2018 (left) and FORA for 1993–2014 (right). The mean path of the Kuroshio is displayed as black dots. Black squares denote the KSI domain.
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FIGURE 5. Regressed subsurface current speed anomalies at 18, 26, 82, 100 m, targeting the KSI strength mode from FORA. The mean path of the Kuroshio is displayed as black dots. Black squares denote the KSI domain, and the black contours denote 100 and 1,000 m isobaths.
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FIGURE 6. Regressed subsurface temperature anomalies at 18, 26, 82, 100 m targeting the KSI strength mode from FORA. The mean path of the Kuroshio is displayed as black dots. Black squares denote the KSI domain, and black contours denote 100 and 1,000 m isobaths.


where Cm(r,t) represents the CSLVs of the predictor variables. The resulting spatial patterns, Creg(r,t), share long-term undulations with the target variable; thus, the evolution of the predictor variable is physically consistent with the evolution of the target variable, i.e., the KSI strength mode. A significance of each spatial pattern at each depth is inferred from the R-squared values of the regression analysis in Figure 2, because the R-squared values denote how well the long-term variability of the resulting spatial patterns are correlated to the K_index(t). Examples and applications of regression analysis in the CSEOF space are provided by Kim et al. (2015). The spatial patterns of the regressed anomalies presented in this study are the means of the 12 monthly patterns, as this study focuses on the long-term variability.




RESULTS


Relationship Between the Kuroshio Shelf Intrusion Strength Mode and Surface Variability in the East China Sea

Figure 3 shows the second CSEOF modes extracted from the surface current speeds of the KSI domain based on satellite altimetry and FORA, respectively. The KSI domain was selected considering the standard deviation of the current speed in Figure 1, where it exhibits greater variability in the shelf region of the ECS (depth: 100–1,000 m). The second CSEOF modes of the KSI domain from the two different datasets show consistent spatial patterns (Figures 3A,B), and their PC time series exhibit similar variability during the overlapping period (Figure 3C). Overall positive anomalies in the spatial patterns denote an increase in the current speed of the KSI domain during the positive phase of the PC time series. This increase in current speed represents the strengthening of the KSI, while the decrease in the current speed during the negative phase represents its weakening. The second CSEOF mode in Figure 3, thus represents the KSI variability northeast of Taiwan, hereafter referred to as the KSI strength mode. The KSI was particularly strengthened in 2000–2001, 2005, and 2009; weakening occurred in 2003, 2006–2007, and 2016. On a decadal time scale, the KSI showed stronger interannual variability during the 2000s, whereas it was relatively stable in the 1990s and the 2010s, which is consistent with Soeyanto et al. (2014) and Wu et al. (2017) that suggested an increase in the number of strong KSI events during 2002-2013 relative to 1993-2001 due to the decadal changes in the eddy kinetic energy. However, the linear trend of the PC time series of the KSI strength mode (a sightly increasing trend) is not statistically significant (p > 0.05), and the 26-year analysis period is not long enough to determine whether the KSI has strengthened or weakened on the decadal time scale.

Figure 4 displays the relationship between the KSI strength mode and surface current speed and SSH in the wider ECS. The regressed anomalies of surface current speed and SSH were reconstructed using the regression coefficients from the regression analysis targeting the KSI strength mode, as described in Data and Methods. The similarity between the spatial pattern of the KSI strength mode and the regressed anomalies for the KSI domain (Figures 3A,B, 4A,B, respectively) shows the physical consistency of the regression analysis. In the ECS, regressed anomalies of surface current speed based on both the satellite altimetry (R-squared = 0.77) and FORA (R-squared = 0.87) exhibit positive values to the west of the mean Kuroshio axis and negative values to the east, in the southern and northern ECS, suggesting a westward shift of the Kuroshio path when the KSI is strengthened. The negative anomalies align with the mean Kuroshio axis in the central ECS, which implies the weakening of the Kuroshio when the KSI is strengthened. However, the positive anomalies further to the west of the negative anomalies suggest that the weakening is accompanied by a westward shift in the central ECS. Note that in Figure 1, the central ECS exhibits smaller mean and standard deviation of the surface current speeds than the southern and northern ECS. The negative anomalies east of Taiwan indicate that the KSI is strengthened when the upstream Kuroshio is weakened, which is consistent with previous studies showing that a strong KSI is associated with the weakening of the Kuroshio east of Taiwan (Wu et al., 2014). The R-squared values of the regression from SSH of the ECS targeting the KSI strength mode are 0.59 for the satellite altimetry and 0.63 for the FORA, respectively. The spatial patterns in Figures 4C,D are physically consistent with those of the current anomalies in the ECS, i.e., the overall positive anomalies to the west and negative anomalies to the east of the mean Kuroshio path.



Relationship Between the Kuroshio Shelf Intrusion Strength Mode and Upper-Ocean Variability in the East China Sea

The relationship between the KSI strength mode and upper-ocean variability in the ECS was investigated based on regression analysis of the FORA dataset. The regressed anomalies targeting the KSI strength mode show how the current and temperature variability in the ECS are associated with the KSI variability. Figure 2 displays the R-squared values of the regression analysis, which are all greater than 0.75 for current speeds in the upper 200 m and show little variation with depth. In comparison, the R-squared values for temperature are generally lower; being <0.5 in the near-surface layer, but greater at the subsurface layers with the maximum at about 130 m.

The regressed anomalies of the current speed in the subsurface layer in Figure 5 show similar characteristics to those at the surface (as shown in Figure 4B). Positive anomalies to the west of the mean Kuroshio axis and negative anomalies to the east indicate that the Kuroshio path shifts westward throughout the water column in the upper ocean when the KSI becomes stronger, particularly in the southern and northern ECS. In the southern ECS, the amplitudes of positive anomalies are greater near the surface compared to those at greater depths. The amplitudes of negative anomalies are not significantly different between depths, probably because of the deeper (>1,000 m) bottom depth to the east of the mean Kuroshio axis. The regressed anomalies of subsurface temperature targeting the KSI strength mode in Figure 6 show different spatial patterns between the vertical layers. Overall, weak negative anomalies are observed near the surface in the ECS, except over the KSI domain. However, in the deeper subsurface layer, positive anomalies are observed in the overall shelf region with bottom depths between 100 and 1,000 m. The subsurface warming during the stronger KSI phase is particularly prominent in the southern ECS to the west of the mean Kuroshio path.

Figure 7 shows the vertical sections of the current speed and temperature across the KSI domain from the northwest corner to the southeast corner. The vertical section of the mean current speed in Figure 7A shows that the core of the current extends from the surface to approximately 100 m in the KSI domain. The location of the maximum current speed at the surface is similar to that of the subsurface layer, although this becomes slightly inclined toward the southeast at greater depths. The vertical section of the regressed current speed anomalies in Figure 7C shows the westward shift of the Kuroshio throughout the upper 100 m layer, that is, positive anomalies to the west of the mean Kuroshio axis and negative anomalies to the right. Figure 7B shows the vertical distribution of the mean temperature across the KSI domain; the isotherms are shallower in the shelf region, whereas they are deeper close to the mean Kuroshio path. The vertical section of the regressed temperature anomalies in Figure 7D indicates that the westward shift of the Kuroshio path during the stronger KSI phase does not induce significant temperature changes in the upper 50-m layer because of the small zonal temperature gradient between the shelf and deeper regions. However, in the deeper layer (below 50-m depth), the zonal difference in the isotherm depth contributes to positive anomalies over the KSI domain, which are particularly large where the zonal slope is steep.
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FIGURE 7. Vertical sections (northwest to southeast) of the (A,B) mean and (C,D) regressed anomalies diagonally crossing the KSI domain: (A,C) current speed and (B,D) temperature. Panels (E–H) display current speed and temperature in 2005 (when the KSI was strong) and 2007 (when the KSI was weak), respectively. Black contours in panels (C,D) denote 4 cm/s and 0.4°, respectively.


A comparison of current speed and temperature between the stronger and weaker KSI phases is presented in Figures 7E–H. The year 2005 and the year 2007 represent the stronger and weaker KSI years, respectively, based on the PC time series in Figure 3C, the K_index(t). The location of large current speed shifted relatively westward in 2005 when the KSI was stronger. The current speed over the shallower shelf region is larger in 2005 compared to that in 2007. The difference between the stronger and weaker KSI years is more distinct in the vertical section of the temperature. In 2005, the year of stronger KSI, the isotherms are relatively sparse, and the vertical temperature difference is reduced due to the positive temperature anomaly in the subsurface layer. The denser isotherms in 2007 indicate an increase of the vertical stratification over the shelf region.




DISCUSSION AND CONCLUSION

It is notable that the KSI variability, that is, the strengthening or weakening of the current speed in the KSI domain northeast of Taiwan, is more closely associated with the warming or cooling in the subsurface layer (>50 m) of the shelf region, compared to that in the near-surface layer. The relationships of the KSI variability with the SST and surface heat flux are shown in Figures 8A,B (R-squared values: 0.37 and 0.73, respectively). The weak negative SST anomalies in Figure 8A, except for the KSI domain, are similar to those of the near-surface temperature anomalies of the FORA dataset shown in Figure 6A. The regression of heat flux exhibits overall positive anomalies in the shelf region of the ECS, including the KSI domain, which denotes upward (ocean-to-atmosphere) heat flux anomalies during the strengthened KSI phase. The negative SST anomalies and upward heat flux anomalies imply the loss of heat from the ocean (i.e., the damping of underlying SST anomalies), whereas the positive SST anomalies and upward heat flux anomalies indicate the supply of heat by the ocean due to the excessive heat in the ocean. It is, therefore, suggested that the relationship between SST and surface heat flux may differ between the overall shelf region of the ECS and the KSI domain (Sasaki and Yamada, 2018). The strong subsurface temperature anomalies in the KSI domain may partly play a role in the regionally different relationships between the ocean and the atmosphere.
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FIGURE 8. Regressed anomalies of (A) SST, (B) surface heat flux, and (C,D) wind stress and wind stress curl targeting the KSI strength mode. The R-squared values are 0.37, 0.73, 0.76, and 0.81, respectively. The mean path of the Kuroshio is displayed as black dots. Black squares denote the KSI domain.


Figures 8C,D show the relationships between KSI variability and wind stress (R-squared value: 0.76) and wind stress curl (R-squared value: 0.81) variability. Northeasterly wind stress anomalies are observed over the ECS during the stronger KSI periods. The northeasterly wind stress induces onshore Ekman transport, which is associated with the westward shift of the Kuroshio in the ECS (Guo et al., 2006). Wang and Oey (2014) also suggested that the strengthened northeasterly wind is one of the most important contributors to the strengthening of the KSI. It is interesting to note that the wind stress anomalies are stronger and more closely aligned with the direction of the Kuroshio axis in the southern ECS compared to the northern ECS. Furthermore, the anomalies are stronger to the west of the Kuroshio axis than to the east, which is associated with and consistent with the positive wind stress curl anomalies in the southern ECS.

Chow et al. (2015) showed that the strengthened KSI affects the local SST increase, which is linked with the lower atmospheric variability, including wind and precipitation. The regression results in Figure 8 suggest that the surface heat flux may play an important role in the strong air-sea interaction northeast of Taiwan, associated with the KSI variability. Comparison between the temporal variability of the KSI strength mode and the surface ocean environmental variables also shows that the surface heat flux variability is better correlated with the KSI variability compared to the SST variability (Figure 9A). A close relationship between the wind and KSI variability in Figure 9B indicates that the regressed wind anomalies over the ECS in Figures 8C,D are responsible for the long-term variability of the KSI. In terms of the relationship between the wind anomalies and large-scale climate index, Wu et al. (2014) reported that the weak KSI events in 1997 and 2003 occurred when the PDO index and Niño3.4 index were both positive. The negative relationship between the KSI strength and the two climate indices is observed in some years, including the El Niño years (Figure 9C). However, the negative relationship is not statistically significant; the correlation coefficients with the PDO index and Niño3.4 index are −0.33 and −0.29, respectively.
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FIGURE 9. Comparison of the temporal variability of the KSI strength mode, K_index(t) (black) with (A) the regressed time series of SST (red) and surface heat flux (blue), (B) the regressed time series of wind stress (red) and wind stress curl (blue), and (C) the PDO index (red) and Niño3.4 index (blue). The PDO index and Niño3.4 index were 12-month low-pass filtered after removing seasonal climatology. The spatial pattern of the KSI strength mode is displayed in Figure 3. The regressed anomalies of the surface ocean environmental variables over the ECS are presented in Figure 8.


This study investigated the long-term variability of the KSI northeast of Taiwan and its associated changes in current and temperature variations in the surface and subsurface ECS. With regards to current speed, the shelf region of the ECS shows vertically homogeneous changes according to KSI variability. The onshore advection of offshore water masses during strong KSI phases may accompany the transport of heat, salt, and nutrients, thereby influencing the regional ECS ecosystem (Sassa and Konishi, 2015; Chen et al., 2016; Lian et al., 2016; Liu et al., 2021). In the case of temperature, strengthening or weakening of the KSI induces different changes in the near-surface and deeper layers. The KSI-associated temperature changes in the surface layer may be dampened by the surface turbulent heat fluxes on the long-term time scale. Furthermore, subsurface warming during strong KSI phases could decrease the vertical temperature difference and contribute to reducing vertical stratification in the shelf region as shown in Figure 7. The weakening or strengthening of the vertical stratification in the shelf region would have important implications for ocean mixing and ecosystem variability in the ECS (Yamaguchi and Suga, 2019). Overall, by expanding our understanding of the KSI variability and its associated changes in the surface to subsurface ocean layers, this study would contribute to the study of climate and ecosystem variability in the ECS.
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3http://www.remss.com/measurements/ccmp

4http://oaflux.whoi.edu
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