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The long-term surface warming trend in the East Sea (Japan Sea; ES hereafter) stalled from 2000 to 2014 (−0.05°C yr−1, surface warming slowdown), while the subsurface (100–300°m) warming trend continued (+0.03°C yr−1). To address the processes underlying these contrasting trends in surface and subsurface temperature change, the trends in sea-level anomaly, isopycnal depth, and wind pattern were analyzed using monthly mean ocean reanalysis system 4 (ORAS4) data. During this period, the strengthened northwesterly/northerly wind in the central part of ES is supposed to contribute to a negative (positive) wind stress curl to its west (east), corresponding to an anticyclonic (cyclonic) circulation in the west (east). Furthermore, the induced negative wind stress in the west appears to enhance the northward penetration of East Korean Warm Current (EKWC), the slowdown in its eastward meandering around 38° N from the Korea coast, resulting in warm water accumulation in the west with peak warm anomaly at relatively greater depth compared to peak cold anomaly in the east. Overall, these wind-driven changes in transport from west to east, wind stress curl induced horizontal divergence (convergence) and the associated upwelling (downwelling), causes surface warming to slow and subsurface warming to persist during 2000 to 2014.
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INTRODUCTION

During the global warming hiatus period from 1998 to 2013 (IPCC, 2013, 2014; England et al., 2014), the surface warming trend decreased from 0.12°C yr−1 to 0.05°C yr−1; however, the heat content below the sea surface continued to increase, contrary to the pause in surface warming. For this reason, this period was later redefined as “global surface warming slowdown” (Yan et al., 2016; Han and Yan, 2018). Although many studies have been conducted to understand the surface warming slowdown processes on a global scale [e.g., Pacific Ocean (England et al., 2014; Kosaka and Xie, 2016); Indian Ocean (Lee et al., 2015); Atlantic Ocean (Levitus et al., 2012; Balmaseda et al., 2013; Chen and Tung, 2014); Southern Ocean (Lyman et al., 2010; Purkey and Johnson, 2010)], less research has been conducted on marginal seas despite the physical phenomena in marginal seas being active and responding rapidly to environmental change (Schroeder et al., 2017). Thus, the mechanism by which heat redistribution proceeds in regional seas should be understood by analyzing multiple forcing mechanisms (i.e., ocean circulation, wind stress, and large-scale climate variability; Liao et al., 2015). Therefore, we targeted the East Sea (Japan Sea; ES), which has various oceanic features (oceanic eddies, subpolar front, deep-water formation, etc.) but has a relatively short ventilation period, to investigate the surface warming slowdown (Gamo, 1999).

The ES is a semi-enclosed deep marginal sea connected to the Pacific through narrow and shallow straits, with the lowest deep-water temperature and highest deep-water dissolved oxygen in the Pacific. Moreover, it has high warming rates among all oceans worldwide and is significantly affected by global warming trend (Kim et al., 2001; Talley et al., 2006; Belkin, 2009; Gamo, 2011). Regarding subsurface water property changes, Nam et al. (2016) demonstrated that decadal changes in intermediate water relates to significant changes in the water formation, ventilation, and subduction processes in response to the surface atmospheric and oceanic conditions. Furthermore, decadal changes in the sea’s meridional overturning circulation shifting from/to one-cell to/from two-cell structures have recently been discovered (Han et al., 2020). The bottom water formation in ES has been enhanced since 2000, which indicates water formation and ventilation processes can provide significant climatic implication (Yoon et al., 2018).

Thus, it is crucial to understand how the warming slowdown has proceeded in the ES from the sea surface to the subsurface. The long-term global warming trend and climate patterns are well-reflected in the physical environments of the ES (Gordon and Giulivi, 2004; Lee et al., 2009; Lee and Park, 2019). Majority of studies on the variability of climate patterns affecting the ES have usually been based on the Siberian High (SH) and Monsoon (Jeong and Park, 2017; Gallagher et al., 2018). However, these studies have discussed the processes focused on conventional surface warming in the ES affected by the global warming trend. Therefore, this study aimed to determine whether the surface warming slowdown existed as opposed to the continued warming trend and clarify how the surface warming slowdown was induced in the ES.



DATA AND METHODS

To investigate the surface warming slowdown in the ES, monthly ocean reanalysis system 4 (ORAS4) temperature data from the European Center for Medium-Range Weather Forecasts (ECMWF) is used. The ORAS4 sea level anomaly (SLA) and meridional and zonal current speeds (u, v) are also used for further wind-driven circulations from 1980 to 2017. The ORAS4 data with 1 spatial resolution is interpolated to 0.25°. We evaluated ORAS4 data quality using in situ measurements from CORIOLIS1 and additional reanalysis datasets: GLORYS2, C-GLORS05, and ORAS5. All data show very similar trends (not shown), and we choose ORAS4 as it has a long temporal coverage and appropriate spatial resolution. The wind stress and wind stress curl were calculated using the monthly ERA-Interim surface wind (10 m) data provided by the ECMWF.

Ensemble empirical mode decomposition (EEMD) was used to investigate the decadal to multi-decadal variability of the sea surface temperature anomaly (SSTA), SLA, and wind stress curl. The EEMD method was developed by Wu and Huang (2009), which separates signals into intrinsic mode functions (IMFs) at different time scales. The decomposing process is done by identifying all the local maximum and minimum envelopes from the data and then fitting the adjacent extreme envelopes to the cubic spline. To derive the first IMF, connect all the local maxima and minima of the data with a cubic spline as the upper and lower envelope. The second IMF is sifted by repeating the same process above after subtracting the first IMF signal from the original data. The IMFs are extracted until the remaining oscillation has no time-frequency signal, and the remaining oscillation becomes a residual mode. Eventually, each IMF has its own time signal from high frequency to low frequency. Each variable for the whole study period (1980–2017) was decomposed into the eight IMFs and the monotonic residual. The 7–8th IMFs with a period of more than 10-years and secular trend (residual mode) were combined to analyze the multi-decadal variability from the time-series data. The significance of each IMF was determined using a spread function. In this study, only an IMF with a confidence level of 95% or higher was used.

In addition, the ocean heat content (OHC) was calculated and quantified. The SLA contains the total water column changes, including non-steric and steric signals. Thus, the SLA-based OHC was estimated instead of the temperature-based OHC calculation to separate the steric and non-steric components, enabling us to understand their contribution to OHC. Furthermore, because the SLA-based OHC above 300 m in the ES is coherent with the temperature-based OHC (not shown), the OHC of the ES can be calculated based on the SLA. The OHC derived from the SLA (Gill and Niller, 1973; Chambers et al., 1997; Wang and Koblinsky, 1997) is given by Eq. (1):
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where [image: image] is the heat content anomaly derived from the SLA, and the prime (′) symbol represents the anomaly. Here, ρ is the ocean density, Cp is the specific heat of seawater, and αT is the thermal expansion coefficient. The constants in Eq. (1) are defined as ρ = 1,027kgm−3 and Cp = 4,000Jkg−1K−1 (Gill and Niller, 1973). The SLA in the Eq. (1) can further expand into thermal expansion effects, salinity effects, wind stress curl forcing, and waves, respectively (Eq. 2). Here, the thermal expansion and salt contraction effects are steric components, and wind stress curl forcing and wave terms are considered to have a non-steric effect on the SLA variation. Therefore, the change in SLA due to the steric effect can be expressed by Eq. (3), and we can obtain the OHC value by considering only the steric effect (Eq. 4) using steric height (SLASteric) following Eq. (1).
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To evaluate the variation in OHC due to heat redistribution through advection (i.e., non-steric effect), the steric effect [image: image] is subtracted from the total OHC ([image: image]) as in Eq. (5):
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It’s important to note that, in the long-term and monthly data analysis, the SLA variation due to waves [image: image] is very small and can be negligible. Thus, the OHC variation due to non-steric effects is almost regarded as variation by wind stress curl [image: image] alone.



RESULTS AND DISCUSSION


Surface Warming Slowdown Signal

To investigate the overall warming trend, the time series of the SSTA averaged over the entire ES was analyzed from 1980 to 2017. In Figure 1A, the SSTA continued to increase until about 2000, and the increasing trend subsequently slowed down during the period from 2000 to 2014, yielding the rate of SSTA change from 0.07°C yr−1 to -0.02°C yr−1. The temperature time series of the decadal time scale derived from EEMD also reveals a decrease in the warming trend between 2000 and 2014, as shown by the blue line in Figure 1A. Considering that the increasing trend of the global mean SSTA changed from 0.12°C yr−1 to 0.05°C yr−1 (IPCC, 2014) during the period from 2000 to 2014, the trend changes in the ES (declining by 0.09°C yr−1) is similar to that of the global trend (declining by 0.07°C yr−1). Therefore, this period was defined as the surface warming slowdown (SWS) period in the ES, and that before the SWS period (from 1985 to 1999) was defined as the surface warming (SW) period for comparison (Figure 1A). The difference in the long-term surface warming trend between the two defined periods shows a declining tendency in the overall ES, indicating that the surface warming slowed during the SWS period.
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FIGURE 1. (A) Timeseries of sea surface temperature anomaly (SSTA) in the ES (black line) and its decadal mode (blue line) highlighting periods of surface warming (red shaded) and surface warming slowdown (blue shaded). Shading with gray lines indicates the standard deviation of each month for the SSTA. (B) Vertical profile of long-term trend in monthly mean temperature anomaly from 2000 to 2014 at the upper 1,500 m of the ES, indicating cooling and warming trends at the upper 100 m (blue shaded) and 100–300 m (red shaded), respectively. The vertical black line in panel (B) shows where the trend is zero. Spatial distribution of the temperature trend (C) for the upper 100 m of the ES and (D) depths from 100 to 300 m during the SWS period. The red and gray lines show the East Korea Warm Current (EKWC) and the North Korea Cold Current (NKCC), respectively (C). The red and black boxes indicate Regions A and B, respectively (D). Black dots in panels (C,D) indicate where the trends are significant at the 95% confidence level.


The declining tendency of the surface warming trend was compared with that of the trend in subsurface temperature at depths during the SWS period (Figure 1B). During the SWS period, the subsurface temperature in the upper 100 m showed a declining tendency of the warming trend, same as in the case of the SSTA. At depths between 100 and 300 m (intermediate layer), however, the trend in subsurface temperature significantly increased during the SWS period with a maximum increase rate of approximately 0.02°C yr−1 at a depth of 200 m (Figure 1B). The spatial pattern of the temperature trend for the upper 100 m shows a strong declining trend in the central ES during the SWS period (Figure 1C). In the case of the intermediate layer (100–300 m), a distinct increase in the temperature trend was found in the southwestern ES, whereas a decrease in the trend was found in the central ES during the SWS period (Figure 1D). This contrasting dipole pattern in the temperature trend between the two areas during the SWS period is much stronger and opposite in sign to that during the SW period described by Yoon et al. (2016) which is based on the long-term warming trend rather than dividing it into the SW and SWS periods. We mainly observed relative trends in temperature and several other physical measurements (SLA, isopycnal depth, wind stress, and wind stress curl) focused on the SWS period. Spatially coherent features provide clues for understanding the mechanism responsible for the dipole pattern and how this pattern results in subsurface warming at the intermediate layer and surface warming slowdown in the upper 100 m. To simplify the spatial pattern of temperature trend, we defined the southwestern part of the ES as Region A (129–132°E, 36–39°N), and the central part as Region B (134–137°E, 39–42°N), respectively.



Dipole Pattern During Surface Warming Slowdown Period by Strengthen Northerly Wind Stress

The dipole pattern in the temperature trend appears to be in response to the positive and negative wind stress curls induced by the northwesterly/northerly wind (Figures 2A,B) observed over the central ES (Lee, 1998; Yoon et al., 2005). The intensified negative and positive wind stress curls in the western (Region A) and eastern ES (Region B) are matching well with the strengthened anticyclonic and cyclonic circulation (in the upper 300 m; Figure 2B), respectively. The difference in the long-term trend of the subsurface temperature at the intermediate layer (100–300 m), SLA, and isopycnal depth (ρ = 26.5) between the SW and SWS periods also represent a spatially coherent dipole pattern (Figures 2C–E). During the SWS period, the subsurface temperature anomaly (STA) shows an increasing trend in Region A, while a decreasing trend in Region B and the sea level trend also represents an opposite pattern between the two Regions. Furthermore, the spatial pattern of isopycnal trend indicates the deepening trend of isopycnals dominated in Region A, whereas the shoaling trend in Region B (Figure 2E). In short, a vertical convex is formed with deepened isopycnals and elevated sea level in Region A, whereas a vertical concave with shoaled isopycnals and descended sea level in Region B, which is linked to the negative and positive wind stress curls associated with anticyclonic and cyclonic circulation induced by enhanced northerly winds in the central ES (Figure 2B).
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FIGURE 2. Trend differences (SWS–SW) between the surface warming period (SW; 1985–1999) and surface warming slowdown period (SWS; 2000–2014). Long-term trends of (A) wind stress anomaly, (B) wind stress curl and current at the upper 300 m, (C) temperature anomaly at depths from 100 to 300 m, (D) SLA, and (E) isopycnals (ρ = 26.5) during the SWS period. Positive value shown in panel (A) denotes strengthened wind stress, and the arrows point toward the direction of strengthening wind stress during the SWS period. Color scale in panel (B) shows the wind stress curl (positive cyclonic direction), and the black arrows indicate the long-term trend of currents at the upper 300 m during the SWS period. In the lower panel, black dots indicate where the trends are significant at the 95% confidence level.




Mechanism Underlying Surface Warming Slowdown

The cross-sectional structure along the line passing through Regions A and B is illustrated in Figure 3. Figures 3A,B show the difference in trends of subsurface temperature and isopycnals between the two periods, respectively. The negative temperature trend (warming slowdown) prevails between depths of 50 and 150 m in Region B, while the positive temperature trend (warming acceleration) is dominant between depths of 100 and 150 m in Region A (Figure 3A). Consistently, the deepening and shoaling isopycnals trend prevails in Regions A and B, as shown in Figure 3B. The arrows are marked to indicate the regions of heaving/shoaling effects of isopycnals and the associated changes in temperature in response to upwelling and downwelling, respectively. The isopycnals response in Region A is also well agrees the study by Nam et al. (2016), which suggests that isopycnals of an intermediate layer deepened in the 2000s (SWS period) compared to the late 1990s (SW period) in the southwestern ES. The difference in depths of peak positive and negative temperature trends in Regions A and B can be explained based on baroclinic conditions resulting from higher and lower sea surfaces, respectively. These processes can be compensated through hydrostatic balance. The convergence in Region A and the corresponding subsurface warming supports the weakening of the equatorward-flowing western boundary current (North Korea Cold Current) and two-cell structure of the ES meridional overturning circulation in the 2000s (SWS period) significantly deviated from those in the late 1990s (SW period), as recently suggested by Han et al. (2020). These wind curl-driven downwelling and upwelling processes at the upper 300 m in the ES, account for an increase in temperature trend by approximately 0.2°C yr−1 at 200 m in Region A and decrease by approximately 0.2°C yr−1 at approximately 50 m in Region B (Figures 2C, 3A). The other possible reasons for the subsurface warming in Region A and the cooling in Region B is also examined by analyzing the flow of East Korean Warm Current (EKWC) and is discussed in detail in the following paragraph.
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FIGURE 3. Sectional structures across Regions A and B (shown in black dotted lines in small figures in the lower right corners) of trend differences between the SW and SWS periods (SWS–SW), of (A) subsurface temperature anomaly and (B) isopycnals between SW and SWS periods. The small figures within panels (A,B) are the same as those in Figures 2C,E, indicating the spatial pattern of the trend differences of subsurface temperature and isopycnals, respectively. Each arrow indicates the seawater or volume transport. Arrows pointing upwards mean upwelling and arrows pointing downwards mean downwelling processes, respectively.


The flow characteristics of EKWC is examined by considering the trends in the warm water transport by the ocean currents in the upper 300 m across Regions A and B. The deepening of isopycnals in the southwestern ES (Region A) is shown to be associated with the poleward penetration of EKWC in response to changes in wintertime wind stress curl in the northern ES (Yoon et al., 2016). However, there are no clues on the shoaling isopycnals in Region B. The Region A (129–132°E, 36–39°N) encloses the east coast of Korea, while Region B (134–137°E, 39–42°N) is in the central ES as shown in Figure 1D. Considering the flow pattern of EKWC, it moves northward along the east coast of Korea (through Region A), and meanders eastward at approximately 38°N (Chang et al., 2004), where the current passes through the Region B in the central ES. In view of these, the latitudinal cross-section of ocean currents velocity (as a proxy for the transport) in the upper 300 m across longitudes of Regions A (129–132°E) and B (134–137°E) is examined (Figure 4). Across Region A (Figure 4A), the transport anomaly is more positive extending up to 39°N indicating the poleward penetrating trend of EKWC in consistent with Yoon et al. (2016). However, in Region B, the prominent current flow is eastward and the negative anomalies (Figure 4B) between 39 and 42°N (the latitudes of Region B) mostly indicate the slowing down of eastward movement of EKWC across Region B. This analysis further extended to examine the variability associated with eastward EKWC transport across Mid-ES (133°E, 37–40°N) shown in Figure 5A. Both decadal and interannual signals of transport in Mid-ES were observed to weaken during the SWS period compared to the SW period (Figure 5B). The weakened transport of EKWC can result in large accumulation of warm waters of EKWC in the western ES, which can possibly result in the peak warming trend at deeper levels in Region A compared to the peak cooling trend relatively at higher levels in Region B (Figure 3A). Overall the results indicate the role of northeasterly wind stress anomalies over ES during the SWS period resulting in the heaving effects observed in both Regions A and B with a corresponding change in the flow of EKWC. Therefore, the weakening of the eastward flow of EKWC under the influence of the strengthened northerly wind stress and wind stress curl-induced convergence and divergence may have had a complex effect on the surface warming slowdown and subsurface warming.
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FIGURE 4. Cross-sectional view of the difference of mean current velocity between the SWS period and the SW period (SWS-SW) in the (A) Region A and (B) Region B. Based on the same latitude, and only the longitude is adjusted to each region. The black boxes in small figures within panels (A,B) indicates the targeted area for each cross-section (gray dotted boxes indicate the opposite region). The region with blue shading indicates the transport has been weakened, and the red shading is vice versa.
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FIGURE 5. (A) Average spatial pattern of current in the ES in 2017. Shading indicates the current velocity, and only the region with a value higher than 0.1 ms−1 is denoted. The blue rectangle is the region that we set as the Mid-ES (133° E, 37–40° N). (B) Timeseries of the current transport in the Mid-ES. Black, red and blue lines indicate monthly transport, interannual, decadal variation of transport in the Mid-ES, respectively.


In order to analyze the timing of temperature change according to the change in wind and transport, the decadal variation of the three variables (Wind stress curl, Transport of Mid-ES, Subsurface temperature anomaly between 100 and 300 m depth) was examined. As air-sea interactions occur across all spatial and timescales (Wu et al., 2019), here our focus is on the interannual or decadal component of variations in air-sea interactions. In Region A, the decadal wind stress curl variation turned from a positive phase to a negative phase in the late 1990s (Figure 6A). After the early 2000s, the trends of transport and subsurface temperature anomalies changed accordingly. As transport decreases, the trend of subsurface temperature anomalies shifted to positive phases in Region A, which means that warm water that could not flow eastward could accumulate in Region A, causing an increase in temperature at the subsurface. However, in Region B, the decadal wind stress curl variation turned from a negative to a positive phase in the late 1990s, accompanied by negative trends in the transport and subsurface temperature anomaly after the early 2000s (Figure 6B). These patterns also well-matched with the spatial trend change during the SWS period compared to the SW period (Figures 2B,C, 4A,B). Likewise, the rapid decrease in subsurface temperature anomalies with decreased transport and following shoaled isopycnals in Region B since 2000 is explained by the strengthened northerly wind stress and positive wind stress curl inducing horizontal divergence and vertical upwelling. Furthermore, it is interesting to note that there is a significant (∼3 years) time lag between the timing of changes in trends of wind stress curl and other variables. The result of the lead-lag correlation between the wind stress curl and isopycnals in Regions A and B also represent that there are about 30–40 months lag between the wind forcing and oceanic responses (not shown). This lag is seemingly the time it takes for the wind force to affect the basin-scale circulation, which is consistent with the result of Philander (1999), who stated that the time lag of the wind force modulates the ocean circulation.
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FIGURE 6. Time series of the decadal IMF of each variable in (A) Region A and (B) Region B. Black, blue, red lines indicate the wind stress curl, volume transport at Mid-ES, and subsurface temperature anomaly (STA), respectively. Each dotted line indicates the conversion point and gray shaded parts imply the time lag (∼3 years) between them.




Spatial and Temporal Variations of Ocean Heat Content Modulated by Sea Surface Wind

Temperature changes due to wind and transport variation ultimately cause coherent changes in OHC as well. During the SWS period, strong increase (approximately 0.5×108Jm2yr−1) and decrease (approximately −1×108Jm2yr−1) in the OHC were found in Regions A and B, respectively (Figure 7A). The [image: image] appears to be well following the positive and negative trends of the overall OHC ([image: image]) in Regions A and B during the SWS period (yellow shaded in Figures 7B,C), but the trend and the temporal variation of [image: image] was relatively weak compared to [image: image] and [image: image] (blue vs. black and red in Figures 7B,C). This is consistent with a previous study demonstrating that the heaving effect is more pronounced than the steric effect on decadal and interannual OHC variations in the ES (Yoon et al., 2016). The sea-level change due to the wind stress curl is more consistent with the OHC change than the steric effect during the SWS period. Moreover, because the heaving effect may be affected by the current, the transport volume of the Tsushima Warm Current (TWC) meandering from the southwest of the ES was also investigated (not shown). The analysis was performed to investigate the influence of the TWC on SWS using ORAS4 data, but the volume transport through the Korea Strait was almost constant, suggesting that there is no additional intrusion that can cause the heaving effect. An increase in the OHC in Region A (Figure 7B) and a rapid decrease in the OHC in Region B (Figure 7C) due to the wind effect was confirmed. The total OHC change due to subsurface warming with downwelling in Region A was estimated to be approximately 2×109Jm2, and that of the surface cooling with upwelling in Region B to approximately −1×109Jm2 during the entire SWS period. Although this study focused on the SWS for 15 years, before 2000 and after 2015, there are some different subsurface warming processes. In particular, after 2015, the dipole pattern reported in this study was not maintained; rather, the sea surface and subsurface in both Regions A and B gained heat. Thus, this study effectively demonstrated such periodic decadal events in the ES.
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FIGURE 7. (A) Spatial pattern of the ocean heat content (OHC) trend in the intermediate layer (100–300 m) during the SWS period. Time series of the OHC anomaly (OHCA) in (B) Region A and (C) Region B. Yellow rectangular shading in panels (B,C) represents the SWS periods. Red and blue arrows indicate the increasing and decreasing OHC trends, respectively. Black, blue, and red lines indicate [image: image], [image: image], and [image: image], respectively.


In summary, wind stress-driven weakened ocean current transport to the eastern ES and the wind stress curl-driven horizontal convergence and divergence with the dipole pattern, ultimately leading to the SWS in the ES. The horizontal convergence and divergence in Regions A and B induce downwelling and upwelling, which warms (cools) subsurface (surface) water, as schematized in Figure 8. The primary forcing mechanism is the strengthened northerly wind over the central ES, inducing anticyclonic and cyclonic wind stress curl in the western and eastern ES (Regions A and B), respectively, during the SWS period. The strengthened northerly wind forcing since 2000 is linked to changes in the East Asian Winter Monsoon (EAWM), as quantitatively represented by the sea level pressure (SLP) difference between the SH and East Asian regions, defined as the EAWM index (EAWMI). The EAWMI used by Ding et al. (2014) gradually increased and became positive in the 2000s, indicative of a strengthened EAWM during the 2000s compared to the 1990s (Figure 9A). Thus, the SWS is found in the ES with the strengthening of the EAWM and northerly wind over the central ES during the SWS period (Figure 9B). Spatial patterns of SLP trends before and after 2000 show a rapid change in the SH and East Asia regions during the SWS period, as reflected in the EAWMI (Figures 9C,D). The EAWM has been strengthening since the 2000s, leading to the stronger northerly wind in the central ES, downwelling and upwelling in the western and eastern ES, and SWS in the ES.
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FIGURE 8. Conceptual schematics representing the wind stress curl-driven convergence (downwelling) and divergence (upwelling) processes in the Regions A and B during the SWS period in the western and eastern ES, respectively. The red line and the red dotted arrow indicate bifurcating poleward entrained EKWC and weakened eastward transport of EKWC, respectively, due to strengthened negative wind stress curl during the SWS period.
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FIGURE 9. (A) East Asian Winter Monsoon Index (EAWM) (cited from Ding et al., 2014). (B) Meridional wind stress in the ES from 1979 to 2017 and sea level pressure trend of the Northern Hemisphere during (C) 1985–1999 (left), (D) 2000–2014 (right), respectively. Red boxes indicate the Siberian High region. Black boxes indicate the ES.





CONCLUSION

We conducted a trend analysis of sea surface and subsurface temperature anomalies, SLA, isopycnals, and wind stress curl, and our findings are summarized as follows:


1.From 2000 to 2014, a significant surface warming slowdown occurred in the ES compared to the previous warming period (1985–1999), which was defined as the SWS period. During this period, while the water temperature in the upper 100 m showed a negative trend, the subsurface temperature or temperature at the intermediate layer (between 100 and 300 m) showed a positive trend.

2.The spatial pattern of the long-term trend during the SWS period of subsurface temperature at the intermediate layer was similar to those of the SLA, isopycnals, and wind stress curl. There was a higher (lower) sea level and deepened (shoaled) isopycnals in the western (eastern) ES or Region A (Region B) during the SWS period. This dipole pattern is consistent with the horizontal convergence (downwelling) and divergence (upwelling) patterns in the western and eastern ES, respectively.

3.During the SWS period, anticyclonic and cyclonic circulations in Regions A and B, respectively, are associated with negative and positive wind stress curls induced by the northerly winds in the central ES. Furthermore, strengthened northerly wind stress also weakened eastward EKWC resulting in the large accumulation of warm water from EKWC in western ES. Consequently, the convergence in Region A drives downwelling of relatively warm water from the surface to the intermediate layer, whereas the divergence in Region B causes upwelling of cold subsurface water to the upper 100 m at a lag of approximately 3 years. Owing to the dipole patterns of convergence and divergence in each region, the surface warming trend in the ES could be slowed down.



Therefore, these results suggest the influence of large-scale teleconnections liked to the SH and EAWM on the warming trend of marginal seas such as the ES by modulating the local air-sea interactions.
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