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The Subpolar Front in the Japan/East Sea (JES) could far-reaching influence the atmospheric processes over the downstream regions. However its variability on decadal timescale remains less understood. In this study, the decadal trends in the intensity and position of the SPF in the JES during the time period 1985−2020 are analyzed by using four categories of satellite observed high-resolution sea surface temperature products. The results show that there is a significant intensification trend of the SPF at a rate of 0.37°C/100km/decade. The SPF is further divided into three regions based on the meridional sea surface temperature gradient (MSSTG): the eastern (135−138°E), central (130−135°E) and western (128−130°E) regions, respectively. These three regions showed different meridional movements with the eastern SPF moving poleward by 0.08°/decade, the central SPF moving equatorward by −0.11°/decade and the western SPF showing no significant displacements. The reverse meridional movements between the central and eastern SPF increased its skewness. The frontogenesis rate equation is employed to identify the mechanisms of these decadal trends. Results show that the geostrophic advection term, especially its zonal component, had a crucial role in the decadal trends of the intensity and position of the central and eastern SPF. The decadal trend of the central SPF was mainly attributed to the zonal geostrophic advection of the MSSTG associated with the enhancement of the Subpolar Front Current (SFC) in the upstream region, whereas the decadal trend in the eastern SPF was mainly driven by the zonal geostrophic shear advection controlled by the shear of the SFC in the downstream region. Before 2002, the eastern SPF moved poleward at a rate of 0.27°/decade, whereas there was no obvious trend after 2002. Further decomposition showed that this shift was caused by meridional Ekman advection of the MSSTG.
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1 Introduction

Oceanic fronts are common at the surface of the ocean and are accompanied by intensified spatial differences in hydrographic properties (e.g., temperature, salinity and biogeochemical characteristics). The distinct features of fronts include a large gradient in one horizontal direction accompanied by a weak gradient in the perpendicular horizontal direction (McWilliams, 2021). The atmospheric conditions in mid-latitude regions are influenced by fronts, such as the Subtropical Front and Subpolar Front (SPF), through vertical mixing and pressure adjustments, especially in the western boundary currents and their regions of extension, with a high sea surface temperature (SST) gradient and the loss of heat to the atmosphere (Minobe et al., 2008; Takatama et al., 2015). The meridional shift in SST fronts could change distribution of SST (Pak et al., 2017) and influence both the intensity and position of storm track activity (Ogawa et al., 2012).

Recent studies reported a consistent poleward shift in the fronts of the major ocean gyres of the open oceans (Yang et al., 2016; Yang et al., 2020a; Yang et al., 2020b), with an average frontal shift rate of 0.07°/decade. However, the shift trends are dependent on the region—for example, the fronts in the North Atlantic Ocean were reported to have the smallest shift rate and showed a trend of shifting toward the equator from the 1990s to the 2000s (Joyce et al., 2000; Frankignoul et al., 2001). The shift trends of the Oyashio Extension front in the North Pacific are dependent on longitude, with the eastern branch in the open sea showing a significant poleward shift trend of 0.18°/decade, whereas the western branch near the coast shows no obvious poleward shift (Wu et al., 2018; Wu et al., 2019).

Many factors affect the strength and location of fronts, including wind stress, ocean currents, and the heat flux. The movement of SST fronts in the Kuroshio–Oyashio Extension region has been attributed to basin-scale and local wind forcing via barotropic and baroclinic Rossby wave propagations (Kwon et al., 2010; Pak et al., 2017) and movement of the zero wind stress curl line (or the zero Sverdrup streamline) (Wu et al., 2018; Wu et al., 2019). Thermodynamic processes induced by the oceanic advection of heat also contribute to the variability of the position and intensity of the SST fronts (Wu et al., 2018; Wu et al., 2019). After the 1990s, the fronts in the Gulf Stream region showed a reverse direction of shift from that before the 1990s, mainly caused by the North Atlantic Oscillation, which regulates the position of the North Atlantic Subtropical Gyre, shifting from a positive to a negative phase. The fronts moved poleward during the positive phases of the North Atlantic Oscillation and equatorward during the negative phases (Joyce et al., 2000; Frankignoul et al., 2001). The Gulf Stream shifted equatorward in the Slope Water region as a result of transport by the larger deep western boundary current (Peña-Molino and Joyce, 2008).

The Japan/East Sea (JES) is a semi-enclosed marginal sea in the Northwestern Pacific that contains many similar features and elements to the open ocean, such as gyre circulations, eddies, an SPF and water mass—it is often referred to as a “miniature ocean” (Chang et al., 2016).The JES is an ideal natural laboratory in which to study oceanic processes and their response to global climate change. The SPF in the JES is the boundary between the warm water supplied by the Tsushima Warm Current (TWC) across the Korea/Tsushima Strait (KTS) in the south and relatively cold water over the deep Japan Basin in the north. The SPF has an important impact on the water mass, mesoscale eddies and winter convection in the JES (Yoshikawa et al., 1999; Ou and Gordon, 2002).

Early studies using infrared images showed the existence of horizontal structures and the seasonal variability of the SPF in the JES (Legeckis, 1978; Huh, 1982). The SST gradient of the SPF is strongest in winter and weakens to 3°C/100km or less in summer, accompanying the distribution of the SPF from the southwest to the northeast in winter and from the northwest to southeast in summer (Park et al., 2004; Park et al., 2007). In terms of the seasonal frontogenesis processes, the mixed-layer model and oceanic reanalysis data showed that horizonal advection is dominant throughout the year, especially the geostrophic component (Zhao et al., 2014). With respect to the seasonal frontolysis processes, the surface heat flux has a dominant role in all months, especially in spring and summer (Ohishi et al., 2019), and also causes weakening or even the disappearance of the SPF (Park et al., 2007). In autumn and winter, the mixed-layer gradient damps the frontolysis induced by the surface heat flux (Ohishi et al., 2019). However, a detailed description of the decadal variations and mechanisms of the SPF are yet to be addressed, partly due to the limited duration of observations—for example, numerical simulations have shown that the interannual variability of the SPF from 1993 to 2001 was strongly affected by wind stress and transport of the TWC (Choi et al., 2009).

It is still an open question as to whether the intensification and poleward movement of SST fronts are present in marginal seas such as the JES. Satellite-based SST observations have been collected for almost four decades and provide a unique opportunity to explore the decadal variations of the SPF in the JES. In this study, four satellite-observed SST products with different sensors are employed to study the decadal variations in the intensity and position of the SPF. Section 2 introduces the data and methods, Section 3 gives the results for the satellite-observed SPF, Section 4 discusses the possible mechanisms and Section 5 summarizes our conclusions.



2 Data and methods


2.1 Data

Four SST datasets are used to characterize the decadal variations in the JES SPF during the time period 1985–2020: the Coral Reef Watch satellite SST product (CoralTemp Version 3.1), the Optimum Interpolation SST (OISST Version 2.1), the SST record produced by the European Space Agency and the Copernicus Climate Change Service (ESASST), and Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA). CoralTemp is the product of the National Oceanic and Atmospheric Administration (NOAA) Coral Reef Watch program, which blends SSTs from geostationary and polar-orbiting infrared satellites (Skirving et al., 2020). CoralTemp Version 3.1 is a daily global 5 km night-time SST product from January 1985 to the present day. The NOAA OISST Version 2.1 (Huang et al., 2021) is a daily global 0.25° SST product from September 1981 to the present day. It blends Advanced Very High-Resolution Radiometer (AVHRR) infrared satellite SST data and in situ observational data from ships and buoys. The OSTIA system was developed at the UK Met Office as the UK’s contribution to the International Group for High Resolution SST (Good et al., 2020). OSTIA is a daily global 5 km SST product from October 1981 to present day. It blends satellite infrared and microwave SST data and in situ observational data. ESASST is a daily global 5 km SST product from September 1981 to the present day. It blends AVHRR, Along-Track Scanning Radiometers and Sea and Land Surface Temperature Radiometer data to give a stable product (Merchant et al., 2019). We chose the same time period for all four products (1985–2020).

The wind and heat flux data are from the Fifth Generation European Centre for Medium Range Weather Forecasts Reanalysis (ERA5) dataset for the global climate and weather (Hersbach et al., 2019). The ERA5 data are available from 1950 to the present day and the same time period as for the SST data (1985–2020) are employed. The geostrophic surface velocity and absolute dynamics topography with a horizontal resolution of 0.25° during the time period 1993–2020 are from Copernicus climate data storge. An observational dataset (the EN4 data) is used to calculate the mixed-layer depth (MLD). The EN4 data (version EN.4.2.2-analyese-g10) produced by the UK Met Office Hadley Center (Gouretski and Reseghetti, 2010) is a global gridded monthly objective analysis of in situ observations.



2.2 Definition of the SPF

In this study, monthly-mean SST data are used to estimate the intensity and position of the SPF (Kida et al., 2015). The frontal intensity was obtained from the absolute value of the maximum meridional SST gradient (MSSTG) at each longitude between 38 and 41°N. The position of the SPF is defined as the latitude of the maximum MSSTG. Given that the SPF in the JES turns poleward at the eastern end, the front is defined as eastward until 138°E (Park et al., 2004; Park et al., 2007). The monthly intensity and position were processed into an annual mean to remove the seasonal variability. The statistical significance of the trend was tested using the Mann–Kendall test (Xu et al., 2021). SST data shallower than 200 m were removed to exclude the effects of coastal variations (e.g., runoff and upwelling).



2.3 Frontogenesis rate equation

The temperature tendency equation in the surface mixing layer can be written as:



Where T is the SST. The left-hand side (LHS) of the equation is the SST tendency term. Here, Qnet is the net heat flux (NHF, with positive values indicating the ocean gaining heat from the atmosphere), ρ (1025 kg/m3) is the density of seawater, Cp (3986 J/kg/°C) is the specific heat of seawater and h is the MLD estimated from the EN4 data according to a temperature-based threshold Δθ, which is set to 0.2°C (Lim et al., 2012). The first term on the right-hand side (RHS) is referred to as the NHF/MLD term. The second term on the RHS of equation (1) ( ) represents horizontal advection, where   is the horizontal current vector. The third term (we·ΔT/h) is the entrainment term, where ΔT is the temperature difference between the mixed layer and the layer just below, which is also set to 0.2°C. The entrainment speed we is simply represented by the Ekman pumping velocity:



where   is the wind stress vector calculated from the bulk formula ( ) and   is the 10 m wind vector from the ERA5 dataset. The air density (ρair) is 1.2 kg/m3, CD is the nonlinear drag coefficient calculated following Large and Pond (1981) and f the Coriolis parameter.

The frontogenesis rate equation can be derived from the meridional derivative of the temperature tendency equation in equation (1):



where y is the meridional coordinate. The LHS of equation (3) is the frontogenesis rate term. Note that equation (3) is multiplied by -1 to specify that positive (negative) values refer to frontogenesis (frontolysis). Considering the contributions of the Ekman and geostrophic advections in the JES (Zhao et al., 2014), the horizontal advection gradient term   can further be decomposed into:



Where the Ekman currents are calculated using:



where τx and τy are the zonal and meridional surface wind stress, respectively, and   and   are the zonal and meridional unit vectors, respectively. The horizontal advection gradient term can be decomposed into the processes that act to generate or destroy the SPF:



Each term on the RHS of equation (6) is the contribution resulting from temperature advection by zonal shear and meridional convergence (the first and third terms on the RHS, respectively) and the zonal and meridional advection of the MSSTG (the second and fourth terms on the RHS, respectively).

All the data used in the frontogenesis rate equation were processed into monthly average values and interpolated to a (1/4°×1/4°) grid. The results from the frontogenesis rate equation were averaged to the annual mean to remove the seasonal variability. Both terms were spatially smoothed with a window size of (6°×4°) to suppress the mesoscale eddies (Sasaki and Schneider, 2011; Pak et al., 2017). The flowchart of the datasets and data processing in the frontogenesis rate equation diagnosis is provided in the Supplementary Material (Figure S1).



2.4 Estimation of steric and non-steric height

To obtain better insight into the geostrophic current variation, different components contributing to the sea surface height variation were estimated. The steric height is the component of sea level variation representing changes in the density of the water column which imply an expansion or contraction of the column. Following Gill and Niller (1973), the steric height can be estimated as:



Where ρ′ represents the density anomaly of seawater from its climatology, calculated by EN4 data. H was chosen to be an assumed level of no motion, 1000m for example. The steric height was integrated from 0-1000m (or the water bottom for shallower regions) with 1m intervals by applying the spline interpolation method of Akima (1970). ρ0 is a representative seawater density constant. Thus, the non-steric component   was obtained by removing the steric component   from total sea level anomaly (SLA) variation   as in equation (8):



  is provided by satellite altimeter product from Copernicus climate data storge.




3 Decadal variations in the intensity and position of the SPF

Figure 1 shows the climatological absolute value, position and intensity of the SPF calculated from the MSSTG with the seven-year running average based on CoralTemp (the results for the other three products are shown in Figures S2–S4). The characteristics of the SPF calculated by the MSSTG are consistent with the SPF defined by whole horizontal SST gradient (Ohishi et al., 2019). There are three regions along the SPF with large SST gradients (>4°C/100km). The first is located east of 135°E, with a maximum >4.5°C/100km. The second is in the central JES (133–135°E). The third is located west of 130°E. We therefore divided the SPF into three regions: an eastern (135–138°E), central (130–135°E) and western (128–130°E) region. There are two branches in the western JES with a gradient >1.5°C/100km, one is a northwestern branch originating from Peter the Great Bay, whereas the other is the southwestern branch originating from the East Korean Bay. The northwestern branch is seasonal (Park et al., 2004; Park et al., 2007) and was therefore not considered in this study.




Figure 1 | (A) The climatological position of the SPF (black lines) in the JES, and the climatological absolute value of the MSSTG (color shaded, unit: °C/100km). (B) The climatological intensity (unit: °C/100km) of the SPF. Error bars are the standard deviations calculated by the MSSTG with seven-year running average.



The differences in the SST and MSSTG between the two time periods of 1985–1994 and 2011–2020 were calculated, which could be regarded as the decadal trends from 1985 to 2020 (Figure 2). The SST warmed over the whole of the JES, except in the central region, similar to the results of Lee and Park (2019); Chen et al. (2022) and Jeong et al. (2022), suggesting equatorward movement of the SPF in this region. The equatorial flank of the eastern SPF warmed faster than the polar flank, implying a poleward shift. However, there was no remarkable difference in the warming trend shows between the two flanks of the western SPF. These meridional movements were also seen in the MSSTG field. The enhanced MSSTG over the polar flank of the eastern SPF shows that the frontal axis moved poleward, whereas the increasing (decreasing) trends of the MSSTG were seen over the equatorial (polar) flank of the central SPF, implying equatorward movement. The characteristics of the longitude-dependent meridional shift characteristics were different from those in the open ocean, where there is a consistent poleward movement (Wu et al., 2018; Wu et al., 2019; Yang et al., 2020a; Yang et al., 2020b). The slantwise change of the SPF in the JES was only present locally.




Figure 2 | Decadal changes of (A) SST (unit: °C) and (B) the absolute value of the MSSTG (unit: °C/100km) between 1985–1994 and 2011–2020 (the latter minus the former). Shown are (left) SST (right) MSSTG based on (A, B) CoralTemp, (C, D) ESASST, (E, F) OISST and (G, H) OSTIA, respectively. Black lines indicate climatological position of the SPF during the time period of 1985–2020.



Figure 3 shows the linear trends of the SPF at each longitude to quantify the long-term variations in its intensity and position. Although the amplitudes of the intensity trend vary among the different SST products, they all show a significant intensification signal and consistent zonal distribution (Figure 3A; black solid line indicates the multidata average trend). The maximum mean increased trend was >0.8°C/100km/decade near 137.5°E. There was a clear poleward movement (with an average rate of 0.08°/decade) of the eastern SPF and an equatorward shift (at an average rate of −0.11°/decade) of the central SPF, but no significant shift trend in the western SPF (Figure 3B). The maximum poleward (equatorward) shift in the central (eastern) SPF exceeded 0.1°/decade (−0.15°/decade), as shown in Figure 3B. The magnitudes of the meridional movements of the SPF in the JES were comparable with those in the open ocean (Wu et al., 2018; Wu et al., 2019). There were two fluctuations in the central SPF where the most equatorward displacements were at 132 and 134°E (Figure 3B).




Figure 3 | Zonal distribution of linear trends for (A) intensity (unit: °C/100km/decade) and (B) position (°/decade) of the SPF. Black, red, blue, cyan, and magenta solid lines are the results of mean, CoralTemp, ESASST, OISST and OSTIA, respectively, and thicker lines indicate statistical significance passing 95% confidence level. Error bars are the standard deviation among four SST datasets. (C) Time series of annual mean intensity (°C/100km) of the SPF. Red, blue, cyan and magenta solid dots represent results from four SST datasets as in (A, B). Black solid lines represent multidata mean (thin line) and seven-year running averages (thick line). Black dashed line indicates linear trend. (D-F) Same as (C) but for annual mean positions for (D) western SPF, (E) central SPF and (F) eastern SPF. The corresponding linear trends (T) are given by the text, and the associated p values (p)re also given based on the Mann-Kendall test. The red and blue lines in (F) indicate the eastern SPF shift trend before and after 2002, respectively.



Figure 3C shows the evolution of the intensity of the zonally averaged SPF. Although there were uncertainties among the different datasets, the SPF has consistently strengthened over the last 36 years. The rate of intensification was 0.37°C/100km/decade based on the average dataset. Figures 3D-F shows the time series of the position of the zonally averaged western, central and eastern SPF, respectively. Similar to the results shown in Figure 2 and Figure 3B, the poleward shift of the western SPF was not statistically significant (Figure 3D). The consistent equatorward movement of the central SPF was robust (Figure 3E). The poleward shift of the eastern SPF showed a decadal shift before and after 2002 (Figure 3F). During the first period (1985–2002), the eastern SPF shifted poleward at a rate of 0.27°/decade, which is faster than the mean rate (0.08°/decade) in the whole 36-years period. However, after 2002, there was more interannual variability than the decadal trend. The fact that the poleward shift of the eastern SPF mainly occurred before 2002 agrees with the movement of the Kuroshio Extension Front in the North Pacific (Wu et al., 2021). The time series of the position of the central and eastern SPF also showed strong variability on interannual to decadal time scales. There was a meridional movement of 0.5–1° in latitude on timescales of 5–10 years. For example, the central SPF was located relatively poleward in the early 1990s, 2000s and 2010s, but more equatorward in the years around 1996, 2006 and 2016 (Figure 3E). To emphasize the decadal trend, the time series of the intensity and position of the SPF with the seven-year running average are shown as thick, black solid lines. The intensification and slant of the SPF remained robust.



4 Possible mechanisms

We have shown that both the central and eastern SPF intensified over the study period but had the opposite meridional movements. There are many mechanisms that could contribute to these differences. For example, the entrance of the TWC into the JES will affect the SPF, especially in the south (Park et al., 2007). The monsoon also forces the JES with the strong westerly winds from Vladivostok Gap in winter, inducing strong cold currents and pushing cold water equatorward. Ohishi et al. (2019) pointed out that the NHF tends to relax the SPF throughout the year, however, the MLD can dampen (enhance) the frontolysis induced by the NHF in winter (summer). The possible mechanisms of the oceanic and atmospheric factors are explored by the frontogenesis rate equation (equation 3). We focused on the central and eastern SPF because there was no clear shift in the western SPF. Geostrophic currents are available from 1993, we examined the decadal changes between the time periods 1993–2002 and 2011–2020.


4.1 Frontogenesis rate equation diagnosis

Figure 4 shows the decadal changes in the MSSTG in the periods 1993–2002 and 2011–2020 calculated using each term of equation (3). The decadal changes in the MSSTG calculated from the observations and the frontogenesis rate term show similar patterns (Figures 4A, B). The decadal changes in the MSSTG caused by the geostrophic advection gradient term (Figure 4D) show positive (negative) values over the polar (equatorial) flanks of the eastern SPF. The geostrophic advection term shows negative (positive) values over the polar (equatorial) flanks in the central SPF. This pattern is consistent with the meridional shift and intensification in the central and eastern SPF (Figures 2B, D, F, H). This spatial pattern means that the geostrophic advection gradient term acts to intensify the SPF and move the central SPF toward the equator and the eastern SPF toward the polar. By contrast, the Ekman advection gradient term shows consistent intensification in the central SPF, but the opposite changes in the eastern SPF (Figure 4C). The decadal changes in the MSSTG induced by the NHF/MLD gradient term (Figure 4E) show positive (negative) values over the polar (equatorial) flanks in the central and eastern SPF. This indicates that the NHF/MLD gradient term dampens (enhances) the equatorward (poleward) shift of the central (eastern) SPF. The contribution from the entrainment gradient term is small and can be ignored (Figure 4F).




Figure 4 | (A) The decadal change in the MSSTG between 1993–2002 and 2011–2020 (the latter minus the former; unit: °C/100km) calculated by the observation derived from the CoralTemp data. (B) The decadal change in the MSSTG calculated by the frontogenesis rate term. (C–F) Same as (B) but for the decadal change in the MSTTG calculated by (C) the Ekman advection gradient term, (D) the geostrophic advection gradient term, (E) the NHF/MLD gradient term and (F) the entrainment gradient term. Black lines indicate climatological position of the SPF.



Figure 5 shows the zonal-averaged decadal changes in the MSSTG, which further illustrate the dominant role of the geostrophic advection gradient in determining the intensification and slant of the SPF. Figure 5A, B show the results in the central and eastern SPF, respectively. The decadal changes in the MSSTG in the central and eastern SPF calculated by the frontogenesis term are consistent with the sum of the RHS of equation (3) (black and gray thick solid lines in Figure 5), with correlation coefficients of 0.86 (Figure 5A) and 0.75 (Figure 5B), respectively. The residual term in the central SPF shows small magnitude, with most values <0.25°C/100km (Figure 5A). The residual term in the eastern SPF (Figure 5B) shows the opposite change to the frontogenesis rate term, while the value is larger than that in the central SPF (Figure 5A). The main reasons for the residual term include the lower-order budget equation (e.g., horizontal eddy diffusion and vertical mixing), disturbances on shorter than monthly timescale and the inconsistencies of the datasets during the calculations (e.g., temperatures from CoralTemp, but the wind stress from the ERA5 dataset) (Qiu et al., 2014). Nevertheless, the residual term does not affect the main conclusions that the geostrophic advection gradient term contributes to the intensification and slant of the SPF. The magnitudes of the results of other SST datasets show similar patterns in the decadal changes associated with the intensification and slant of the SPF (the results of other three products are shown in Figures S5-S7).




Figure 5 | Zonal averaged decadal change in the MSSTG between 1993–2002 and 2011–2020 (the latter minus the former; unit: °C/100km) calculated by the frontogenesis rate equation for (A) 130–135°E (central SPF) and (B) 135–138°E (eastern SPF). Black horizontal dashed lines represent main axis position of the SPF. Black vertical dashed lines represent 0 value. Black thick solid lines indicate the results of the frontogenesis rate term [the LHS of equation (3)]. Red, blue, cyan and magenta solid lines represent the geostrophic advection (Gadv), Ekman advection (Eadv), NHF/MLD and entrainment (Entra) terms, respectively. Gray thick solid lines indicate the sum of the RHS of equation (3) (sum of Gadv, Eadv, MHF/MLD and Entra). Green thick dashed lines (Res) represent differences between the LHS and RHS of equation (3).





4.2 Contributions from geostrophic advection

We estimated the zonal and meridional components of the horizontal geostrophic advection term to further investigate the contributions of geostrophic advection (Figures 6A, C). The zonal geostrophic advection makes a large contribution to the intensification and meridional movements of the central and eastern SPF. Based on equation (6), the zonal geostrophic advection can be decomposed into the zonal shear advection and the zonal advection of the MSSTG, respectively (Figures 6B, D).




Figure 6 | Zonal averaged decadal change in the MSSTG between 1993–2002 and 2011–2020 (the latter minus the former; unit: °C/100km) caused by the geostrophic advection term for (A, B) 130–135°E (central SPF) and (C, D) 135–138°E (eastern SPF). Black horizontal dashed lines represent main axis position of the SPF. Black vertical dashed lines represent 0 value. Black, red, blue, magenta and cyan solid lines indicate the decadal change in the MSSTG caused by the total geostrophic advection gradient term (Total), total zonal geostrophic advection gradient term (Total U), total meridional geostrophic advection gradient term (Total V), zonal shear advection term (SHEAR) and zonal advection of the MSSTG term (ZADVG).



In the central SPF, the zonal shear advection weakens the MSSTG over the polar flank. By contrast, the zonal advection of the MSSTG enhances the MSSTG over the equatorial flank of the central SPF and partly offsets the decrease induced by the zonal shear advection. The zonal advection of the MSSTG represents the transport of the MSSTG by zonal geostrophic current. Figure 7B shows the decadal changes in the zonal geostrophic current. The zonal geostrophic current is enhanced on the equatorial side of the central SPF. The intensified eastward current results in stronger MSSTG advection along the central SPF on the equatorial side. Figure 8 shows the climatological horizontal geostrophic current fields during the time period 1993–2020 and the decadal changes between 1993–2002 and 2011–2020 (the latter minus the former). Yabe et al. (2021) reported that the SPF Current (SFC) turns to flow eastward at about 40°N. This implies that the SFC has strengthened in the upstream region over the past decades, resulting in stronger MSSTG advection (Figure 8B). The zonal shear advection represents the conversion of the zonal SST gradient into the MSSTG via zonal current shear. As shown in Figures 7A, B and Figure 8B, the SFC has weakened in the polar flank of the central SPF, which induces negative zonal shear. The negative zonal shear causes the cold temperature advection to weaken poleward on the polar flank of the central SPF, which, in turn, induces weakening of the MSSTG.




Figure 7 | (A) Zonal averaged decadal change in the zonal geostrophic shear (blue solid line; unit: 10-7s-1) and zonal SST gradient (red solid line; unit: 10-7°C/m) for the central SPF. (B) Same as (A) but for the zonal geostrophic current (blue solid line; unit: 10-2m/s) and the zonal gradient of the MSSTG (red solid line; unit: 10-12°C/m2). Black dashed lines represent the zonal averaged position of the central SPF. (C, D) Same as (A, B) but for the eastern SPF.






Figure 8 | (A) Climatological horizontal geostrophic current velocity (color; unit: m/s) and vector during the time period of 1993–2020. (B) Decadal change of geostrophic current in the time periods 1993–2002 and 2011–2020 (the latter minus the former; unit: m/s).



Figure 6D shows the zonal shear advection and the zonal advection of the MSSTG over the two sides of the eastern SPF. The change in the MSSTG induced by zonal shear advection makes the dominant contribution to the poleward intensification and movement of the eastern SPF. There is a broad westward current anomaly in the region between 39.5 and 41°N, in contrast with the eastward SFC, which induces a weaker SFC and a meander on the downstream of the SFC (Figure 7D). The weakening of the SFC results in positive (negative) zonal shear over the polar (equatorial) flanks of the eastern SPF (Figure 7C). The zonal shear results in weak cold temperature advection near the eastern SPF and strong cold temperature advection on both sides of the polar and equatorial flanks, which increases (decreases) the MSSTG on the polar (equatorial) flanks.

The variation of geostrophic current is also revealed in the decadal changes in the SLA (Figure 9A). Over the equatorial side of the central SPF, the SLA is higher, associated with the eastward current, which contributes to the acceleration of the current system around the central SPF. The change in the SLA due to non-steric effect appears to be well following the higher (lower) SLA over the equatorial (polar) flanks of the central SPF (Figure 9C), but the decadal change due to the steric effect is relatively weak compared to η′ and , and does not show a pattern that contributes to the acceleration of geostrophic current (Figure 10B). This is consistent with the results pointed out by previous studies that the non-steric effect plays a more important role in decadal, interannual and longer timescales than the steric effect (Yoon et al., 2016; Jeong et al., 2022). Moreover, the non-steric effect is affected by the volume transport from the upstream. As shown in Figure 8A, one branch of the TWC originating from the west channel of the KTS and flowed poleward along the Korean Peninsula, namely East Korea Warm Current (EKWC, Yoon and Kim (2009)), while the SFC is an extension of the EKWC at about 39-40°N (Yabe et al., 2021). Figure 8B shows the acceleration of the EKWC. Besides, recent studies reported an intensified throughflow transport in the KTS (Kida et al., 2021; Shin et al., 2022), suggesting that the increased intrusion across the KTS can cause the non-steric effect. Shin et al. (2022) reported that the volume transport increased 0.14 Sv (1Sv=106m3/s) in the west channel of the KTS during the time period 1989–2018, which is comparable to the magnitude of the change in the geostrophic current. Thus, the intensified volume transport across the KTS induces the higher SLA in the upstream region, leading to the acceleration of the SFC. According to the previous studies, the intensified volume transport in the KTS may be induced by the decreasing of the transport of Kuroshio and the poleward movement of the Kuroshio axis (Kida et al., 2021; Shin et al., 2022; Usui and Ogawa, 2022), which further implies that the variability in open ocean affects the marginal sea through the KTS. Moreover, the SFC is locally affected by the topographic features, which may be responsible for the meander of the SFC in the downstream region (Yabe et al., 2021).




Figure 9 | (A) Decadal change in the SLA between the time periods 1993–2002 and 2011–2020 (the latter minus the former; shading: SLA, unit: m). (B, C) Same as (A) but for the results of steric and non-steric components. Magenta vectors are the geostrophic currents decadal changes, duplicated from Figure 8B.



The decomposition described in this subsection again shows that geostrophic advection, which is controlled by the SFC, dominates the intensification and slant of the SPF. The zonal advection of the MSSTG associated with the increase in the SFC in the upstream region is responsible for the intensification and equatorward movement of the central SPF, whereas the intensification and poleward movement of the eastern SPF is dominated by zonal shear advection controlled by the zonal shear of the SFC in the downstream region.



4.3 Impact of Ekman advection on the different shift trends in the eastern SPF before and after 2002

There was a decadal shift in the eastern SPF before and after 2002 (Figure 3F). To determine the underlying mechanisms, we calculated the results of different mechanisms using the frontogenesis rate equation (Figures 10A, G). Before 2002, the MSSTG intensified over the polar flank of the eastern SPF and weakened over its equatorial flank (Figure 10A). However, after 2002, the MSSTG showed consistent intensification over the polar and equatorial sides of the eastern SPF (Figure 10G). The geostrophic and Ekman currents had different roles. The geostrophic advection showed similar effects both before and after 2002, which increased (decreased) the MSSTG over the polar (equatorial) sides of the eastern SPF (Figures 10C, I), whereas the Ekman advection was almost the opposite before and after 2002 (Figures 10B, H). Before 2002, the effects of the Ekman advection were similar to those of the geostrophic advection, strengthening (weakening) the MSSTG over the polar (equatorial) sides of the eastern SPF. By contrast, after 2002, the Ekman advection had the opposite role in the polar and equatorial flanks. Besides, the decadal changes in the MSSTG induced by the NHF/MLD, entrainment and residual terms are small (Figures 10D–F, J–L). The different decadal changes in the shift of the eastern SPF can therefore be attributed to the opposite changes in the Ekman advection before and after 2002.




Figure 10 | (A) Decadal change in the MSSTG between the time periods 1993–1997 and 1998–2002 (the latter minus the former; unit: °C/100km) calculated from the frontogenesis rate term. (C–F) Same as (A) but for the decadal change in the MSTTG calculated by (B) the Ekman advection gradient term, (C) the geostrophic advection gradient term, (D) the NHF/MLD gradient term, (E) the entrainment gradient term and (F) the differences between the LHS and RHS of equation (3). Black solid lines represent the mean position of the SPF during the time period 1993–2002. (G–L) Same as (A–F) but for the changes between the time periods 2002–2011 and 2011–2020 (the latter minus the former; unit: °C/100km) and the mean position of the SPF during the time period 2002–2020.



The Ekman advection was further separated into zonal and meridional components (Figures 11A, B, F, G). The meridional Ekman advection made a large contribution to the decadal changes in the MSSTG before and after 2002. Based on equation (6), the meridional Ekman advection can be decomposed into meridional convergence advection and meridional advection of the MSSTG, which indicate that the decadal changes in the MSSTG were caused by the convergence or divergence of the meridional current and the transport of the MSSTG by the meridional current, respectively (Figures 11C, D, H, I).




Figure 11 | (A) Decadal change in the MSSTG between the time periods 1993–1997 and 1998–2002 (the latter minus the former; unit: °C/100km) caused by the total zonal Ekman advection gradient term. (B–D) Same as (A) but for the decadal change in the MSSTG caused by the total meridional Ekman advection gradient term in (B), meridional convergence advection term in (C) and meridional advection of the MSSTG term in (D). (E) The decadal change in the wind stress in the time periods 1993–1997 and 1998–2002 (the latter minus the former; color: wind stress magnitude; vectors: horizontal wind stress vectors; unit: 10-3N/m2). Black solid lines represent the mean position of the SPF during the time period 1993–2002. (F–J) Same as (A–E) but for the changes in the time periods 2002–2011 and 2011–2020 (the latter minus the former; unit: °C/100km and 10-3N/m2) and the mean position of the SPF during the time period 2002–2020.



We have shown that the meridional advection of the MSSTG mostly controls the Ekman advection and is much more important than the meridional convergence advection. Hence there may be a decadal shift in the large-scale wind field. The decadal changes in the wind stress before and after 2002 are shown in Figures 11E, J. Before 2002, an easterly wind stress anomaly caused the poleward transport of the MSSTG, which strengthened (weakened) the MSSTG over the polar (equatorial) flanks of the eastern SPF (Figures 11D, E). By contrast, after 2002, the equatorward transport of the MSSTG induced by the westerly wind stress anomaly resulted in the opposite changes in the MSSTG on the polar and equatorial sides of the eastern SPF (Figures 11I, J).

The zonal wind stress anomaly is the key point for the changes in Ekman advection both before and after 2002. Figure 12A shows the zonal wind stress anomaly averaged in the JES. Before 2002, there was a shift from a westerly anomaly to an easterly anomaly, and vice versa after 2002. The wind stress field in the JES is related to the large-scale East Asian Winter Monsoon (EAWM), which revealed by the sea-level pressure (SLP) in the region of Siberian High (SH) and in East Asia (Ding et al., 2014; Jeong et al., 2022). An intensity index of EAWM (hereinafter EAWM index) is defined as the sum of winter (winter is the average of December, January, and February) zonal SLP differences (110°E minus 160°E) over 20–70°N following Wu and Wang (2002). Note that the index calculated by the annual SLP differences is well correlated with the EAWM index (correlation coefficient 0.72 at 99% confidence level in decadal timescales), the latter one is employed to represent the atmospheric forcing field. Figure 12B shows the decadal time series of EAWM index. The EAWM index and the zonal wind stress anomaly are positively correlated (correlation coefficient 0.54) at the 95% confidence level. The EAWM index has weakened before early 2000s and gradually increased after early 2000s, indicative of a decadal difference in EAWM before and after early 2000s, which is consistent with previous studies (He, 2013; Ding et al., 2014). Spatial patterns in SLP and wind stress decadal changes before and after early 2000s are shown in Figures 12C, D. The EAWM weakened (strengthened) before (after) 2002, leading to the changes in the easterly (westerly) wind stress anomaly. Previous studies indicated that the EAWM has been significantly affected by global climate change, the major atmospheric pattern in Northern Hemisphere (NH) and the Pacific SST in decadal timescale (Gong et al., 2001; Wu and Wang, 2002; Wang et al., 2008; He, 2013; Ding et al., 2014). The time period before early 2000s was so-called “fast warming”, while the following decade was the global warming “hiatus” (Deser et al., 2017). For the atmospheric factor, the Arctic Oscillation, which is the dominant mode of extratropical climate variation of the NH, can influence the EAWM through altering the large-scale circulation over Eurasia and the strength of the NH (Gong et al., 2001; Liu et al., 2017). For the oceanic factor, the Pacific Decadal Oscillation is well related to the overlaying Aleutian Low and the circulation over Eurasia (Chhak et al., 2009; Ding et al., 2014).




Figure 12 | (A) Time series of basin-averaged zonal wind stress anomaly (unit: N/m2) for the annual mean (blue bars) and seven-year running averages (black solid line). (B) Same as (A) but for the time series of EAWM index. (C) Decadal change in the SLP and wind stress vectors between the time periods 1993–1997 and 1998–2002 (the latter minus the former; unit: hPa and N/m2). (D) Same as (C) but for the change in the time periods 2002–2011 and 2011–2020.






5 Summary

In this study, the decadal trends of the SPF in the JES during the time period 1985–2020 using four high-resolution satellite-observed SST products was investigated. All the datasets showed consistent intensification and poleward (equatorward) shifts in the eastern (central) SPF. The results of our analysis indicated that the meridional movements of the SPF were associated with the increase in the MSSTG over the polar (equatorial) flanks of the eastern (central) SPF and weakening of the MSSTG over the equatorial (polar) flanks of the eastern (central) SPF. The SPF is slanted more to the southwest–northeast as a result of the opposite meridional movements of the central and eastern SPF. We explored the possible mechanisms using the frontogenesis rate equation, which showed that the geostrophic advection term had a dominant role. Further analyses of the geostrophic advection term indicated that the poleward intensification and shift in the eastern SPF were caused by zonal shear advection. The equatorward intensification and movement of the central SPF were determined by the zonal advection of the MSSTG. For the eastern SPF, the shear of the SFC in the downstream region had a dominant role, whereas the equatorward enhancement in the upstream region was important for the central SPF. And the intensified volume transport across the KTS may contribute to the acceleration of the SFC. Figure 13 shows a schematic diagram of the decadal trend of the SPF.




Figure 13 | Schematic of the slantwise SPF in the JES. The average positions in the time periods 2011–2020 and 1985–1994 are denoted by the solid and dashed lines, respectively. The SPF is slanted more to the southwest-northeast as a result of the opposite meridional movements of the central and eastern SPF. The black, red and blue solid (dashed) lines are the western, central and eastern SPF, respectively. The shaded regions between the two lines are the meridional movements between the two decades. The black arrows denote the TWC. EKWC: East Korea Current, OB: offshore branch, NB: nearshore branch, TWC: Tsushima Warm Current, SFC: Subpolar Front Current. Red shading is climatological absolute dynamics topography (unit: m).



Previous numerical experiments indicated that both the local and remote atmospheric conditions were sensitive to changes in the JES SST, including the surface winds, precipitation, and the regional and large-scale atmospheric circulations (Yamamoto and Hirose, 2008; Yamamoto and Hirose, 2009; Yamamoto and Hirose, 2011; Seo et al., 2014). The changes in the intensity and position of the SPF may profoundly influence the overlying atmosphere and passing extratropical cyclones (Yoshiike and Kawamura, 2009; Yamamoto, 2013). Winter extratropical cyclones develop rapidly over the JES and enter into the northwestern Pacific (Zhao et al., 2016; Zhao et al., 2018). The decadal trend of the SPF in the JES may have far-reaching influences on the weather over Japan and the northwestern Pacific Ocean.
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