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The Kuroshio Current flows northeastward along the East China Sea (ECS) shelf break, carrying a large amount of nutrients, and is thus an important source of nutrients for the ECS. The mainstream and transport of the Kuroshio Current are significantly affected by mesoscale eddies. However, the influence of mesoscale eddies on the Kuroshio nutrient input into the ECS is unknown. We add constructed cyclonic and anticyclonic eddies to a hydrodynamic model to explore the influence of mesoscale eddies on cross-shelf Kuroshio phosphate input into the ECS. This model suitably reproduces the fate of mesoscale eddies and the variation in the Kuroshio Current during eddy-current interactions. The simulation results reveal that during the strong interaction between the Kuroshio Current and mesoscale eddy east of Taiwan, the cyclonic eddy reduces the on-shelf phosphate flux, while the anticyclonic eddy increases the Kuroshio phosphate input to the ECS. When the anticyclonic eddy moves to the Okinawa Trough, it reduces the Kuroshio phosphate input into the ECS.These basic features are not sensitive to the initial latitude of the eddy center east of Taiwan. The change in cross-shelf phosphate flux is caused by the changes in cross-shelf velocity and phosphate concentration along the shelf. Momentum balance analyses suggest that the change in cross-shelf velocity is mainly caused by the change in the pressure gradient term due to eddy-induced changes in sea surface height in the horizontal direction and isotherm tilting in the vertical direction. The advection-diffusion equation analysis shows that the change in phosphate concentration along the shelf is attributed to changes in the upper horizontal advection and lower vertical advection of phosphate, which are induced by the upper phosphate change and vertical velocity change along the shelf, respectively. This study has important implications for the possible response of the ECS ecosystem to mesoscale eddies that are partly triggered by enhanced typhoons east of Taiwan under global warming.
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1 Introduction

The Kuroshio Current is an important western boundary current among the global oceans that originates from the northern branch of the North Equatorial Countercurrent and flows northeast along the eastern coast of Taiwan. It collides with the zonal continental slope northeast of Taiwan and quickly deflects eastward. Then, it moves northeastward mainly along the East China Sea (ECS) continental shelf and finally flows eastward into the Pacific Ocean through the Tokara Strait (Nitani, 1972). Along its path, the Kuroshio Current strongly interacts with the Chinese continental marginal seas. It has been revealed that both the Kuroshio surface and subsurface water can intrude into the South China Sea and ECS, which significantly affecting the dynamic characteristics in these marginal seas (e.g., Yang et al., 2012; Lian et al., 2016; Wu et al., 2017; Chen et al., 2020; Liu et al., 2021; Wu et al., 2021; Chang et al., 2022).

The water mass transport provides an important passageway for material and energy exchange in the world ocean (e.g., Dodd et al., 2009; Puerta et al., 2020; Lao et al., 2022). Therefore, the Kuroshio intrusion not only inputs a large amount of water but also inputs many oceanic biochemical substances into the ECS (Chen et al., 1994; Xu et al., 2020; Xu et al., 2021). The nutrients carried by the Kuroshio intrusion have become an important source of nutrients to the ECS continental shelf (Chen, 1996). Observations have revealed that the nutrient concentration of the Kuroshio surface water is relatively low, while that of the Kuroshio subsurface water is relatively high (Chen et al., 1995; Zhang et al., 2007; Chen, 2009). Along the 200 m isobaths, the Kuroshio subsurface water continues upwelling, providing a large amount of nutrients to the ECS continental shelf. Regardless of whether in summer or winter, the Kuroshio Current inputs more nutrients onto the ECS continental shelf than the river input, especially of phosphate, which far exceeds the input of the Yangtze River and Yellow River (Chen and Wang, 1999; Zhang et al., 2007). Northeast Taiwan and southwest Kyushu are two main areas of Kuroshio nutrient input into the ECS (Zhao & Guo, 2011). Liu et al. (2000) found that nutrient inputs from the Kuroshio intrusion northeast of Taiwan alone are significantly greater than those from rivers. Meanwhile, the phosphate transported by the intrusion of the Kuroshio Current is found to be the main nutrient controlling algal blooms in the Zhejiang coastal area on the ECS continental shelf (Yang et al., 2013; Zhou et al., 2019; Xu et al., 2020).

Changes in the Kuroshio Current and Kuroshio intrusion have also been extensively studied and found to be closely related to the multi-scale motions and variations in ocean interior, such as, ENSO, PTO, PDO, and mesoscale eddies (e.g., Hsin et al., 2013; Soeyanto et al., 2014; Wang and Oey, 2014; Wu et al., 2014; Zheng et al., 2019). The subtropical frontal area is one of the areas with large eddy kinetic energy in the North Pacific Ocean (Liu et al., 2012; Chow et al., 2017; Yang et al., 2017). Due to barotropic and baroclinic instabilities in the North Pacific Subtropical Countercurrent, large numbers of mesoscale eddies form and then move westward under the effect of planet vorticity gradient (Gill et al., 1974; Qiu, 1999; Sutyrin et al., 2003; Chelton et al., 2011). Some of these eddies reach the western boundary of the North Pacific Ocean and interact with the western boundary current – the Kuroshio Current mainly around the Luzon Strait and east of Taiwan (Lee et al., 2013; Cheng et al., 2017). If the radius of the mesoscale eddy is larger than 150 km, it significantly alters the Kuroshio Current (Zheng et al., 2011). Mesoscale eddies can influence the volume transport of the Kuroshio Current east of Taiwan by altering the difference in sea surface height in addition to the Kuroshio Current, changing the slope of the pycnocline, and causing water convergence and divergence (Lien et al., 2014; Chang et al., 2015; Tsai et al., 2015; Yan et al., 2016). The westward mesoscale eddy is also an important factor affecting the path of the Kuroshio Current (Waseda, 2002; Miyazawa et al., 2004; Hsu et al., 2016). When interacting with mesoscale eddies, the Kuroshio Current changes frequently in the form of cutting-off, meandering or branching in the Luzon Strait and migrates eastward east of Taiwan (Hsu et al., 2016; Zheng et al., 2019).

Meanwhile, these eddies can alter the intrusion of the Kuroshio Current into the ECS (Yin et al., 2014; Wu et al., 2017; Yin et al., 2017). On the one hand, mesoscale eddies change the intrusion intensity of the Kuroshio by changing its incidence angle (Vélez-Belchí et al., 2013). On the other hand, mesoscale eddies can adjust the volume transport of the Kuroshio and then change its cross-shelf intrusion into the ECS (Lien et al., 2014; Liu et al., 2014). Previous studies have shown that weakened cyclonic eddies moved the Kuroshio offshore northeast of Taiwan and weakened its intrusion in northeast Taiwan to the ECS. However, enhanced cyclonic eddies weakened the volume transport of the Kuroshio and made it migrate shoreward, strengthening its intrusion into the ECS northeast of Taiwan (Wu et al., 2017). In addition, cyclonic eddies bring positive vorticity fluxes and adjust the local vertical stratification, which reduces the restriction of the potential vorticity gradient across the continental shelf and the land slope on the upper layer flow and is conducive to the intrusion of the Kuroshio Current northeast of Taiwan. Anticyclone eddies have the reverse effects (Yin et al., 2017).

Although previous studies have revealed that the nutrient input, especially the phosphate input, from the Kuroshio Current is rather important to the ECS and that the westward mesoscale eddy can exert a significant impact on the Kuroshio Current and its intrusion into the ECS, studies on the influence of mesoscale eddies on the cross-shelf transport of Kuroshio nutrients are still rare. Due to the unpredictability of mesoscale eddies and sparse field observations, an ideal eddy constructed based on the statistical features of eddies has been used to study the influence of mesoscale eddies on the global oceans (Yang et al., 2017; Geng et al., 2018). Therefore, this study aims to explore the influence of mesoscale eddies on the cross-shelf transport of phosphate to the ECS continental shelf via the Kuroshio Current and reveal the possible underlying mechanisms based on a numerical model with constructed eddies.



2 Methods


2.1 Numerical model

The regional ocean model used in this study was developed by 2012; Yang et al. (2011) based on the Regional Ocean Model System (ROMS; Shchepetkin & McWilliams, 2005). The model domain extends from 116°E to 136°E and from 21°N to 41°N, covering parts of the northwest Pacific Ocean and the entire ECS (Figure 1). The model is eddy-resolved with a horizontal resolution of 1/12° and is vertically divided into 26 layers in terrain‐following coordinates. It is forced by climatological monthly wind stress, heat flux, and freshwater flux extracted from the Comprehensive Ocean‐Atmosphere Data Set (COADS) (Diaz et al., 2002) and 10 tidal constituents extracted from the TOPEX/Poseidon global tidal model (TPXO7) (Egbert and Erofeeva, 2002). The initial and open boundary conditions, including temperature, salinity, velocity, and sea surface height, are derived from the outputs of a larger-domain model developed by Yang et al. (2011). The Changjiang River is also included in the coastal boundary with monthly discharge data obtained from Liu et al. (2002). See Yang et al. (2011); Yang et al. (2012) for more details on the model configuration. This model is well validated by comparisons with various data from field observations, satellite observations, and previous works and is successfully used to study the biogeochemical processes on the ECS continental shelf (Yang et al., 2011; Yang et al., 2012; Xu et al., 2018; Xu et al., 2020; Xu et al., 2021).




Figure 1 | The domain of the numerical model. The gray lines are the 50 m, 100 m, 200 m, and 500 m isobaths. The 200 m isobaths along the ECS continental shelf are highlighted in red lines. The blue arrows indicate the Kuroshio Current and Kuroshio branch current (KBC).





2.2 Construction of the mesoscale eddy

Satellite observations and Argo float data reveal that oceanic mesoscale eddies have a universal spatial structure with a Gaussian-type profile (Chen et al., 2010; Zhang et al., 2013). Based on this discovery, a series of idealized mesoscale eddies are constructed and added to the background flow field to study eddy-mean flow interactions (e.g., Kuo and Chern, 2011; Yang et al., 2017; Geng et al., 2018; Yang et al., 2019).

To diagnose the influence of mesoscale eddies on nutrient transport from the Kuroshio Current to the ECS, we construct a pair of ideal cyclone and anticyclone eddies with Gaussian-type profiles based on previous studies (Itoh and Sugimoto, 2001; Geng et al., 2018). First, the three-dimensional temperature structure of the eddy is calculated by an equation considering the depth z and the distance r from the eddy center (x0,y0):

 

where ΔTmax, h0, and r0 denote the eddy’s maximum temperature anomaly, thickness, and radius, respectively, obtained from the statistical characteristics. Then, the density distribution is calculated by the linear state equation (Jackett and Mcdougall, 1995). Finally, the sea surface height and three-dimensional horizontal velocity of eddies are calculated according to the pressure distribution and geostrophic relationship. According to the statistics of mesoscale eddies east of Taiwan (Yan et al., 2016; Yin et al., 2017), the centers of cyclonic and anticyclonic eddies are established as 22.5°N, 124°E and 22.9°N, 124°E, respectively, and ΔTmax, h0, and r0 are set to -7°C (7°C), 150 m, and 80 km, respectively, for cyclonic (anticyclonic) eddy. Figure 2 presents the distributions of the temperature and density anomalies along the section across the eddy center and the sea surface height and surface current anomalies in the eddy. The temperature anomaly is greatest at a depth of 150 m in the eddy center and decreases with increasing distance from the maximum center in both cyclonic and anticyclonic eddies (Figures 2A, C). Accordingly, the positive density anomaly appears in the cyclonic eddy and the negative density anomaly appears in the anticyclonic eddy. The maximum sea surface height anomaly is also located in the eddy center and decreases as the distance r from the eddy center (x0,y0) increases (Figures 2B, D). The surface currents tangent to the sea surface height contour exhibits counterclockwise and clockwise structures in cyclonic and anticyclonic eddies, respectively.




Figure 2 | The (A, C) temperature (°C) and density (kg/m3) profiles, (B, D) sea surface height (m) and surface current of constructed Gaussian-type (upper panel) cyclonic and (lower panel) anticyclonic eddies.





2.3 Numerical experiments

To study the influence of mesoscale eddies, three experiments are designed (Table 1). The Ctrl experiment is configured as described in section 2.1. The model spin-up runs for 19 years. Then, monthly average phosphate obtained from WOA18 is supplied in the southern open boundary from the surface to the bottom as a passive tracer for another 4 years to obtain a relatively stable distribution in the model domain. As phytoplankton blooms in the ECS occur frequently in spring (Zhou et al., 2003; Liu et al., 2010; Yu et al., 2018), the model output on May 1st of the 24th year is selected as the initial field of the Ctrl experiment. In eddy experiments, the temperature, sea surface height, and current field anomalies of the constructed cyclonic and anticyclonic eddies are added to the initial field of the control run as the initial fields of the CE and AE experiments, respectively. As shown in Figure 3, there is an obvious low (high) sea surface height and a counterclockwise (clockwise) flow around the eddy center in the initial field of the CE (AE) experiment. Except for the initial field, the settings of the eddy experiments are the same as those of the Ctrl experiment. All experiments are run for two months with phosphate distributed in the initial fields and supplied in the southern open boundary. Moreover, to quantify the cross-shelf exchange, we divide the 200 m isobaths equally along the ECS continental shelf (Figures 1 and Figure 3) and interpolate daily simulation results to the isobaths with a vertical interval of 5 m.


Table 1 | Description of numerical experiments on the influence of mesoscale eddies.






Figure 3 | The initial sea surface heights (m) and surface current fields in the (A) CE and (B) AE experiments. The dashed red lines represent the 200 m isobaths along the ECS continental shelf, which are thickened with solid lines northeast of Taiwan. The red stars indicate the initial location of the eddy center.






3 Results


3.1 Influence of mesoscale eddies on the Kuroshio Current

Under climatological conditions, the Kuroshio Current flows northeastward along Taiwan Island with a relatively straight mainstream (Figures 4A, D). Then, it deflects eastward in northeastern Taiwan due to the deflection of the ECS continental shelf. Along the edge of the ECS continental shelf, the Kuroshio Current can cross the 200 m isobaths in some areas and intrude into the ECS. The surface Kuroshio intrusion is significant in northeastern Taiwan as a Kuroshio branch current. After mesoscale eddies are added east of Taiwan at t=0 day, they propagate westward and interact with the Kuroshio Current (Figures 3 and 4B-F). Both cyclonic and anticyclonic eddies strongly interact with the Kuroshio Current east of Taiwan on approximately the 30th day (t=30 days) (Figures 4B, C). Then, the cyclonic eddy decays and halts east of Taiwan on the 37th day (t=37 days) (Figure 4E). The anticyclonic eddy intensifies and moves into the Okinawa Trough with the Kuroshio Current on the 37th day (Figure 4F). When the cyclonic eddy approaches east of Taiwan on the 30th day, the mainstream of the Kuroshio Current migrates eastward east of Taiwan and westward northeast of Taiwan, resulting in weakened transport east of Taiwan and westward onshore movement of the Kuroshio branch current (Figure 4B). When the anticyclonic eddy approaches, the mainstream of the Kuroshio Current moves westward east of Taiwan but moves eastward northeast of Taiwan, resulting in enhanced Kuroshio transport east of Taiwan and eastward offshore movement of the Kuroshio branch current northeast of Taiwan (Figure 4C). As for the evolution and movement of mesoscale eddies, the mainstream of the Kuroshio Current on the 37th day has similar but weaker variations than on the 30th day under the influence of cyclonic eddies, as does the Kuroshio branch current (Figure 4E). However, under the influence of anticyclonic eddies, both the mainstream and the branch current of the Kuroshio Current strengthen on the 37th day and move farther offshore northeast of Taiwan than on the 30th day (Figure 4F).




Figure 4 | The sea surface height (m) and surface current fields in the (A, D) Ctrl, (B, E) CE, and (C, F) AE experiments at t=30 days and t=37 days. The dashed and solid red lines indicate the 200 m isobaths and the tracks of eddies, respectively. The red stars indicate the location of the eddy center.



These results indicate that the numerical model successfully reproduces the westward propagation of the mesoscale eddy and its interaction with the Kuroshio Current that are reported in previous studies. Both the modeling results in this work and observations from previous studies find that during eddy-current interactions, cyclonic eddies decay and anticyclonic eddies are enhanced (Chern and Wang, 2005; Kuo and Chern, 2011; Kuo et al., 2017). The Kuroshio transport east of Taiwan decreases during the cyclonic eddy-Kuroshio Current interaction, while it increases during the anticyclonic eddy-Kuroshio Current (e.g., Zhang et al., 2001; Lee et al., 2013; Chang et al., 2015). The Kuroshio mainstream east of Taiwan migrates eastward under the influence of cyclonic eddies (Hsu et al., 2016). However, the Kuroshio mainstream northeast of Taiwan migrates westward onshore under the influence of cyclonic eddies and migrates eastward offshore under the influence of anticyclonic eddies (Wu et al., 2017). The reproduced variation in the surface Kuroshio branch current northeast of Taiwan is also in good agreement with the results in Wu et al. (2017). Combined with the verification of the numerical model in our previous study (e.g., Yang et al., 2011; Yang et al., 2012; Xu et al., 2018; Xu et al., 2020; Xu et al., 2021), these results show that it is feasible and effective to construct an ideal eddy to study the influence of mesoscale eddies east of Taiwan on the Kuroshio Current and its transport onto the ECS continental shelf.



3.2 Influence of mesoscale eddies on cross-shelf flux

Along the 200 m isobaths, the Kuroshio Current mainly intrudes into the ECS northeast of Taiwan. Therefore, the vertical average water flux is significant in the western part of the isobaths in the on-shelf direction and is statistically insignificant elsewhere with alternate on-shelf and off-shelf directions and changes slightly over time (Figure 5A). The pattern of vertical average phosphate flux is similar to that of the water flux across the 200 m isobaths under climatological conditions (Figure 5B). Under the influence of mesoscale eddies, the vertical average water and phosphate fluxes change with time and space (Figures 5B, C and E-F). The influence of mesoscale eddies on the cross-shelf fluxes is small before t=20 days. Then, during the whole simulation period from t=20 days to t=60 days, the influence of cyclonic eddies on vertically averaged water and phosphate fluxes mainly occurs west of 124°E (Figures 5B, E). However, the influence region of the anticyclonic eddy moves eastward over time (Figures 5C, F). From t=20 days to t=34 days, the influence region of the anticyclonic eddy is concentrated west of 124°E. When t=40 days, the influence region extends to 125.5°E. After t=46 days, the influence region of the anticyclonic eddy moves to the east of 124.5°E with very little influence on the region west of 124°E.




Figure 5 | Vertical average (left panels) water (m2/s) and (right panels) phosphate (kg/ms) fluxes along the 200 m isobaths from t=1 day to t=60 days in the (A, D) Ctrl experiment, and their variations under the effect of (B, E) cyclonic and (C, F) anticyclonic eddies. In Figures (A, D) the positive value indicates the onshore flux onto the ECS continental shelf, while the negative value indicates the offshore flux to the open ocean.



Since the cross-shelf flux mainly occurs in the region west of 124°E northeast of Taiwan, we average the simulation results along the entire volume of 200m isobaths west of 124°E and obtain the volume-averaged velocity and cross-shelf flux. The time series of eddy-induced variations in the volume-averaged cross-shelf phosphate flux and velocity west of 124.17°E are shown in Figure 6. This figure shows that the cyclonic eddy decreases the phosphate flux onto the ECS continental shelf during its interaction with the Kuroshio Current. The decrease in phosphate flux gradually increases before t=30 days and weakens after t=30 days under the influence of cyclonic eddies (Figure 6A). However, the anticyclonic eddy first increases the phosphate flux to the continental shelf and then decreases the phosphate flux. The maximum enhancement effect occurs at t=30 days, and the maximum weakening effect occurs at t=37 days (Figure 6A). The variations in cross-shelf velocity caused by mesoscale eddies are similar to those of cross-shelf phosphate flux, but there are some differences (Figure 6B). For example, while the enhancement effect of anticyclonic eddies on the cross-shelf velocity is comparable to the weakening effect of cyclonic eddies, the enhancement effect of anticyclonic eddies on phosphate flux is less than the weakening effect of cyclonic eddies. The maximum weakening effect of cyclonic eddies on cross-shelf velocity occurs at t=28 days, and the maximum enhancement effect of anticyclonic eddies on cross-shelf velocity occurs at t=31 days, which has a phase difference from its effects on phosphate flux. Meanwhile, the anticyclonic eddy has an enhancement effect on the cross-shelf velocity but a weakening effect on the phosphate flux from t=43 days to t=48 days.




Figure 6 | Time series of differences in volume-averaged cross-shelf (A) phosphate flux and (B) velocity west of 124.17°E between the eddy experiments and control run.



As the Kuroshio Current and mesoscale eddy strongly interact east of Taiwan at approximately t=30 days (Figure 6), Figure 7 further shows the vertical profiles of the cross-shelf velocity and phosphate flux west of 124.17°E along the 200 m isobaths at t=30 days. In the control run, the cross-shelf velocity and phosphate flux to the ECS continental shelf are significant to the east of 123.0°E, with the largest positive value appearing in the surface layer (Figures 7A, D). The cross-shelf velocity and phosphate flux from 123.0°E to 124.0°E are mainly toward the open ocean. Under the influence of cyclonic eddies, the on-shelf phosphate flux increases in the narrow nearshore area and decreases from 122.25°E to 123°E. The seaward phosphate flux in the far offshore area east of 123.5°E also decreases (Figure 7E). Under the influence of anticyclonic eddies, the phosphate flux decreases in the nearshore area west of 122.5°E and increases in the offshore area east of 122.5°E (Figure 7F). The variation in the cross-shelf velocity under the influence of mesoscale eddies is slightly different from that of the cross-shelf phosphate flux (Figures 7B, C). Especially under the influence of cyclonic eddies, the cross-shelf velocity obviously increases in a wider region west of 122.3°E (Figure 7B). The simulated patterns of cross-shelf velocity variation due to mesoscale eddies are consistent with the findings in Yin et al. (2017), which further illustrates the credibility of the modeling results.




Figure 7 | The (left panel) cross-shelf velocity (m/s) and (right panel) phosphate flux (kg/ms) in the (A, D) control run, and their variations under the effect of (B, E) cyclonic and (C, F) anticyclonic eddies at t=30 days.






4 Analysis and discussion

The difference between the changes in the cross-shelf velocity and phosphate flux indicates that the eddy-induced change in the cross-shelf phosphate flux is not only controlled by the changes in the cross-shelf velocity but also affected by the changes in phosphate concentrations along the shelf. Therefore, the mechanism analysis is divided into two parts. First, we consider the dynamic mechanism of mesoscale eddies affecting the cross-shelf velocity. Second, we consider the mechanism controlling the variation in phosphate concentration along the continental shelf during the eddy-current interaction.


4.1 Dynamic mechanism driving the variation in cross-shelf velocity

The dynamic mechanism inducing the variation in cross-shelf velocity is diagnosed by the three-dimensional, along-shelf momentum balance equation:

 

Where  , and u,v,and w are zonal, meridional, and vertical velocities, respectively, f is the Coriolis parameter,p is pressure, and uH and uv represent horizontal and vertical eddy viscosity coefficients, respectively. All momentum terms are calculated instantaneously, and then the daily average results are output from the Ctrl, CE, and AE experiments. The diagnostic results during the strong interaction of the mesoscale eddy and Kuroshio Current east of Taiwan at t=30 days are analyzed.

In the Ctrl experiment, the cross-shelf velocity northeast of Taiwan is controlled by multiple processes. The contributions of the acceleration (Vaccel) and the horizontal eddy diffusion terms (Vhvisc) are negligible (Figures 8B0, F0). The contributions of the advection term (Vadv) are relatively small and show a negative effect on cross-shelf transport (Figure 8C0). The contribution of the vertical eddy viscosity term (Vvisc) is negligible in most of the sections except the near-bottom region, in which there are negative effects (Figure 8E0). The along-shelf pressure gradient term (Vprsgrd) provides a dominant contribution to the cross-shelf velocity (Figure 8D0). Figures 8A1-F1 and A2-F2 show the difference in each term between the CE and Ctrl experiments and between the AE and Ctrl experiments, respectively. The results show that the effects of cyclonic eddies and anticyclonic eddies on cross-shelf velocity are different (Figures 8A1, A2). Under the influence of cyclonic eddies, the along-shelf pressure gradient term (Vprsgrd) increases west of 122.3°E and decreases from 122.3°E to 123.7°E, which contributes the most to the change in cross-shelf velocity (Figures 8A1, D1). The advection term (Vadv) in the upper layer west of 122.3°E is also significantly changed by the cyclonic eddy and positively contributes to the increase in velocity (Figure 8C1). The increase in the vertical eddy viscosity term (Vvvisc) at the bottom of the nearshore area somewhat cancels the decrease in the advection term in the nearshore area (Figures 8C1-E1). Under the influence of anticyclonic eddies, the change in cross-shelf velocity is also mainly attributed to the change in the pressure gradient term (Vprsgrd) (Figures 8A2, D2). The change in the horizontal advection term (Vadv) shows an opposite pattern to the change in velocity (Figures 8C2). The change in the vertical eddy viscosity term (Vvvisc) at the bottom also shows a negative contribution to the increase in velocity east of 122.5°E (Figures 8E2). The eddy-induced changes in the acceleration term (Vaccel) and horizontal eddy diffusion terms (Vhvis) are also negligible (Figures 8B1, F1, B2, and F2).




Figure 8 | The cross-shelf velocity along the 200 m isobaths at t=30 days and its contributions to the cross-shelf velocity in the (A0-F0) Ctrl experiment and their variations under the effect of (A1-F1) cyclonic and (A2-F2) anticyclonic eddies (m/s). The cross-shelf velocity and contributions are the terms in momentum balance equation (2).



Therefore, the eddy-induced change in the cross-shelf geographic flow that is controlled by the along-shelf pressure gradient and the cross-shelf ageographic flow that is controlled by nonlinear advection and bottom Ekman effects together determine the change in cross-shelf velocity. The change in geographic flow has a primary positive contribution to the change in cross-shelf velocity induced by both cyclonic and anticyclonic eddies. The change in ageographic flow has a positive contribution to the change in velocity that is induced by cyclonic eddies in most of the upper layer but has a negative effect in the lower layer. However, the change in ageographic flow has a negative effect on the velocity change caused by anticyclonic eddies.

In the along-shelf momentum balance equation (2), the pressure gradient term consists of barotropic and baroclinic pressure gradient terms:  , where ρ0 and g are the reference density of sea water (1025 kg/m3) and gravitational acceleration (9.8 m/s2), respectively; n and pρ represent the sea surface height and the baroclinic pressure caused by density variations, respectively. Therefore, eddy-induced changes in the along-shelf pressure gradient term can be divided into changes in the barotropic pressure gradient and baroclinic pressure gradient terms (Figure 9). The change in barotropic pressure gradient caused by mesoscale eddies determines the east–west opposite spatial pattern of the cross-shelf velocity change (Figures 9A, B). The baroclinic pressure gradient term determines the difference in velocity change between the upper and lower layers (Figures 9C, D). During the cyclonic eddy-Kuroshio Current interaction, the zonal pressure gradient in the western part of the transect increases in the nearshore area and decreases from 122.3°E to 123.7°E due to the Kuroshio mainstream migrating shoreward (Figures 4B; Hsu et al., 2016). Due to the influence of the anticyclonic eddy, the mainstream of the Kuroshio Current moves offshore northeast of Taiwan, inducing a decreased or even reverse zonal pressure gradient in the western part of the transect but inducing a significant increase in the zonal pressure gradient in the eastern part of the transect (Figures 4C). As the surface Kuroshio Current intensifies in the AE experiment and weakens in the CE experiment (e.g., Zhang et al., 2001; Lee et al., 2013; Chang et al., 2015), the effect of anticyclonic eddies on the cross-shelf velocity is more significant than that of cyclonic eddies. The mesoscale eddy not only influences the hydrodynamic feature in the upper layer but also exerts a comparable influence in the lower layer. Under the influence of cyclonic eddies, the isotherms tilt upward in most of the upper layer and the lower layer in the eastern part of the along-shelf transect but tilt downward in the nearshore area and the lower layer of the western part (Figure 10A). Therefore, the change in baroclinic geostrophic flow weakens the on-shelf velocity in the upper layer and strengthens the on-shelf velocity in the lower layer on most of the isobath transect (Figure 9C). Under the influence of anticyclonic eddies, the isotherms tilt upward in the western part and tilt downward in the upper layer of the narrow nearshore area and eastern part, inducing a maximum density increase at 122.5°E (Figure 10B). Hence, the baroclinic geostrophic flow associated with the density induced by anticyclonic eddies strengthens the on-shelf velocity in the lower layer west of 122.5°E and in the upper layer east of 122.5°E. However, it weakens the on-shelf velocity in the upper layer of the nearshore region west of 122.5°E and in the lower layer east of 122.5°E (Figure 9D).




Figure 9 | The decomposition of the variation in the pressure gradient contribution term (m/s) along the 200 m isobaths at t=30 days under the influence of (A, C) cyclonic and (B, D) anticyclonic eddies.






Figure 10 | Difference in density (kg/m3) along the 200 m isobaths between (A) the CE and Ctrl experiments and (B) the AE and Ctrl experiments. The density contours in the Ctrl, CE, and AE experiments are labeled by black solid lines, red dashed lines, and blue dashed lines, respectively.





4.2 Dynamic mechanism driving the variation in along-shelf phosphate concentration

Due to the upwelling and mixing processes during the intrusion of the Kuroshio Current onto the ECS continental shelf, the phosphate concentration is relatively high along the 200 m isobaths west of 123°E in the Ctrl experiment (Figure 11A). Meanwhile, the phosphate concentration is higher in the lower layer than in the upper layer, which is consistent with the observations of previous studies (Chen et al., 1994; Chen et al., 1995; Xu et al., 2020). Under the influence of cyclonic eddies, the phosphate concentration decreases along the entire transect, with the largest decrease occurring in the subsurface layer (Figure 11B). The decrease in phosphate concentration west of 122.5°E is significant, resulting in a difference between the cross-shelf velocity change and phosphate flux change from 122.1°E to 122.3°E and a significant decrease in phosphate flux from 122.1°E to 122.35°E (Figures 7B, E). Under the influence of the anticyclonic eddy, the phosphate concentration increases in the whole water column west of 123.4°E and in the lower layer east of 123.4°E but decreases in the upper layer east of 123.4°E (Figure 11C). The change in phosphate concentration induced by anticyclonic eddies is relatively small, especially in the region west of 122.3°E. Thus, the phosphate flux decreases west of 122.5°E and increases east of 122.5°E, similar to the cross-shelf velocity (Figures 7C, F).




Figure 11 | The phosphate concentration (kg/m3) along the 200 m isobaths in the (A) Ctrl experiment, and their variations under the influence of (B) cyclonic and (C) anticyclonic eddies at t=30 days.



Without biochemical processes, the change in phosphate concentration is controlled by the advection-diffusion equation:

 

where Pt is the phosphate concentration; u,v, and w are the velocities in different directions that are calculated by the hydrodynamic model; KPt represents the vertical diffusivity coefficient; and DPt and SPt represent the horizontal diffusion term and the external source term, respectively. By integrating this equation, the causes of phosphate variation can be clarified. In this study, there is no external source (exsrc=0). Figure 12 presents the eddy-induced changes in the other contribution terms in equation (3) that are integrated from t=1 day to t=30. It shows that whether under the influence of cyclonic or anticyclonic eddies, the changes in the horizontal and vertical advection terms are one order of magnitude larger than those of the other terms. The variation in phosphate concentration is determined by the horizontal and vertical advection terms and slightly regulated by the horizontal diffusion terms (Figures 12A-H). The changes in the vertical diffusion term are negligible (Figures 12I, J). Under the influence of cyclonic eddies, most of the decrease in phosphate concentration is caused by significant decreases in the horizontal advection term in the upper layer and decreases in the vertical advection term in the lower layer (Figures 12A, C and E). The opposite pattern appears only in a narrow area near 122.3°E. The change in the horizontal diffusion term tends to intensify the decrease in the bottom layer (Figure 12G). Under the influence of anticyclonic eddies, except for the narrow area near 122.3°E, the changes in the upper horizontal advection term and lower vertical advection term also contribute the most to the changes in the phosphate concentration (Figures 12B, D and F). The horizontal diffusion term tends to intensify the increase in the nearshore area and the bottom layer (Figure 12H). Thus, under the influence of cyclonic and anticyclonic eddies, what are the major reasons for the changes in the upper horizontal advection term and lower vertical advection term? To answer this question, we analyze the horizontal evolution processes of the phosphate change in the surface layer and the variation in the vertical velocity along the 200 m isobaths.




Figure 12 | The variation in time-integrated contribution terms (10-6 kg/m3/s) in the diffusion equation (3) along the 200 m isobaths from t=1 day to t=30 days under the effect of (A, C, E, G and I) cyclonic and (B, D, F, H and J) anticyclonic eddies.



Figure 13 presents the changes in the surface phosphate concentration under the influence of cyclonic and anticyclonic eddies at t=1 day, 10 days, 20 days, and 30 days. The phosphate concentration decreases (increases) southwest of the cyclonic (anticyclonic) eddy center at the earliest time step (Figures 13A, B). This decrease (increase) in phosphate rapidly expands northward over time due to the northward Kuroshio Current, resulting in a decrease (increase) in phosphate concentration along the 200 m isobaths (Figures 13C-H). Based on observations and numerical simulations, previous studies have indicated mass convergence and divergence in different locations from the eddy center during their interaction with the Kuroshio Current (Kuo and Chern, 2011; Yang et al., 2013; Chang et al., 2015; Yan et al., 2016). The convergence and divergence of the water mass affect the vertical transport of materials. The consistent change in the vertical advection term (Figures S1E, F) and change trend term (Figures S1A, B) further shows that convergence and divergence during the eddy-Kuroshio interaction lead to changes in vertical advection, which then cause a change in phosphate concentration of the upper layer.




Figure 13 | The variations in surface phosphate concentration (kg/m3) under the influence of (left panels) cyclonic and (right panels) anticyclonic eddies at t=(A, B) 1 day, (C, D) 10 days, (E, F) 20 days, and (G, H) 30days. The surface current fields at different times are included. The red dashed lines indicate the 200 m isobaths. The black stars indicate the location of the eddy center.



Over the slope, the vertical velocity in the water column between the top and bottom Ekman layers can be simplified as follows (Pedlosky, 1986; Yang et al., 2018):

 

Where φ(z) is a function of the depth,   is the horizontal velocity in the ocean interior, and ∇hB  is the topography gradient. According to equation (4), the vertical velocity along the 200 m isobaths is closely related to the cross-shelf velocity. Under the influence of cyclonic (anticyclonic) eddies, the cross-shelf velocity increases (decreases) in the narrow western part of the 200 m isobaths and decreases (increases) in the wide area in the east (Figures 7B, C), which correspondingly leads to a vertical velocity decrease (increase) in the east and increase (decrease) in the wide western part (Figures S2B, C). Compared with the change in the vertical advection term in Figures 12E, F, the change in vertical velocity along the 200 m isobaths is inferred to causes the change in vertical advection, leading to the change in the phosphate concentration. In other words, under the influence of cyclonic (anticyclonic) eddies, the decrease (increase) in vertical velocity weakens (intensifies) the upwelling of deeper nutrient-rich water, leading to a decrease (increase) in the phosphate concentration of the lower layer along the 200 m isobaths.



4.3 Influence of mesoscale eddies at different initial positions east of Taiwan

It has been reported that the intensity of Kuroshio inflow is closely related with the latitude of the eddy’s center east of Taiwan (Yan et al., 2016). Therefore, eight experiments are further designed. The initial latitudes of the eddy center are 22.93°N (CE01/AE01), 22.55°N (CE02/AE02), 22.16°N (CE03/AE03), and 21.85°N (CE04/AE04), respectively. The initial longitudes of the eddy center in all eight experiments are 124°E (Figure 14A). Figures 14B and 14C show the time series of volume-averaged cross-shelf phosphate flux variations in different experiments. Under the influence of cyclonic eddies, variation in the cross-shelf phosphate flux delays with the initial position of eddies moving equatorward (Figure 14B). When the cyclonic eddy initially locates at 22.55°N, the phosphate flux decreases the most, while the maximum decreases in other experiments are comparable. Although cyclonic eddies generally reduce the cross-shelf phosphate flux, when attention is paid to variations at specific times, the southernmost eddy causes the opposite effect on cross-shelf phosphate flux compared with eddies at other initial positions at t=30 days. Therefore, it is very important to clarify the time when exploring the influence of eddies at different positions. Under the influence of anticyclonic eddies, the occurrence time of the maximum variation in phosphate flux also delays with the initial position of eddies moving equatorward (Figure 14C). Meanwhile, the intensity of the maximum variation decreases with the equatorward moving of the initial position. Above all, the cyclonic eddies still weaken the cross-shelf phosphate flux and the anticyclonic eddies still increase the cross-shelf phosphate flux during their strong interactions with the Kuroshio Current east of Taiwan. In summary, although the intensity and time of the influencing of mesoscale eddies on the cross-shelf phosphate flux varies with initial latitude of eddy center, the essential characteristics of their influence on the cross-shelf phosphate flux is consistent.




Figure 14 | The (A) initial location of eddies for different experiments and (B, C) time series of differences in volume-averaged cross-shelf phosphate flux west of 124.17°E between the eddy experiments and control run.



It is worth noting that the above experiments and analyses consider only physical processes, in effort to elucidate the influence of mesoscale eddies on the phosphate transport across the continental shelf and its underlying mechanism from a dynamic perspective. However, in the real ocean, the distribution of nutrients is also affected by biochemical processes, which are complex and cannot be ignored. For example, the increased phosphate concentration induced by the anticyclonic eddy can feed more phytoplankton, which may in turn lead to a reduced phosphate concentration in the euphotic layer. Therefore, more comprehensive studies are needed to provide a better understanding of the effects of mesoscale eddies on cross-shelf nutrient transport and biogeochemical processes on the ECS continental shelf in the future.




5 Conclusion

The influence of mesoscale eddies on cross-shelf Kuroshio phosphate transport to the ECS continental shelf is explored based on a hydrodynamic model with constructed ideal cyclonic and anticyclonic eddies. The simulation results reveal the different effects of cyclonic and anticyclonic eddies on the cross-shelf phosphate flux along the 200 m isobaths. During the strong eddy-current interaction east of Taiwan, the cyclonic eddy reduces the volume-averaged phosphate flux, which increases in the western and eastern parts and decreases in the middle of the region. However, the anticyclonic eddy increases the volume-averaged phosphate flux with a decreasing spatial pattern in the western part and an increase in the central and eastern part of the region. As the cyclonic eddies decay, their influence on the cross-shelf phosphate flux northeast of Taiwan is weakened. With the strengthening and eastward movement of the anticyclonic eddies, the on-shelf phosphate flux northeast of Taiwan decreases, and the affected area extends eastward.

The variation in the cross-shelf phosphate flux is controlled by variations in the cross-shelf velocity and the along-shelf phosphate concentration. The momentum balance analysis suggests that the change in the cross-shelf velocity is caused mainly by the change in the pressure gradient and modulated by the change in the nonlinear contribution term. The barotropic variation associated with sea surface height is attributed to the horizontal migration of the Kuroshio mainstream under the influence of mesoscale eddies. The baroclinic variation is associated with isotherm tilting in the vertical direction. Analysis of the advection-diffusion equation indicates that the variation in the phosphate concentration along the shelf is mainly attributed to the significant changes in horizontal advection in the upper layer and vertical advection in the lower layer that are induced by changes in the Kuroshio surface phosphate concentration and the vertical velocity along the 200 m isobaths, respectively. Further experiments reveal that the initial latitude of the eddy center affects the timing and magnitude of the cross-shelf phosphate flux but does not change the basic pattern of variation in the phosphate flux under the influences of cyclonic and anticyclonic eddies.

This study reveals the opposite effects of cyclonic and anticyclonic eddies on the cross-shelf phosphate flux during strong eddy-current interactions and the opposite changes in the phosphate flux with the evolution and movement of anticyclonic eddies. This result implies the importance of the eddy-Kuroshio interaction location and provides important implications for the possible responses of the ECS ecosystem to mesoscale eddies that may be triggered by enhanced typhoons in the northwestern Pacific Ocean under global warming. In addition, the difference between the eddy-induced changes in cross-shelf phosphate flux and changes in the water flux indicates the necessity of a specific study on material flux across the shelf.
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Supplementary Figure 1 | The variation in contribution terms (10-6 kg/m3/s) in the diffusion equation (3) in the surface layer at t=1 day under the effect of (left panels) cyclonic and (right panels) anticyclonic eddies. The black circles indicate the eddy centers. The orthogonal black solid lines are reference lines.

Supplementary Figure 2 | The time-integrated vertical velocities (m/s) along the 200 m isobaths in the (A) Ctrl experiment, and their variations under the influence of (B) cyclonic and (C) anticyclonic eddies from t=1 day to t=30 days.
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