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This study investigated the summer subsurface marine heatwaves (SSMHWs) in the East/Japan Sea (EJS) using the Japan Coastal Ocean Predictability Experiment 2 ocean reanalysis datasets during 1993–2023. Climatologically, the cumulative (maximum) intensity area-averaged over the EJS ranges from 20°C days (2.5°C) at surface to its maximum of 36°C days (4°C) at approximately 70 m, confirming significant subsurface intensification of summer MHWs. Compared with the almost uniform spatial patterns at surface, the intensities of MHWs at subsurface layers show substantial spatial variations. The SSMHWs in the EJS are caused not by surface atmospheric forcings, but primarily by internal oceanic processes. During summer, the strong stratification in the EJS inhibits the vertical mixing and traps more heat fluxes at surface. As the main heat sources of the upper ocean, the Tsushima Warm Current (TWC) plays a crucial role in triggering SSMHWs in the EJS. Anomalous increased volume transport of TWC carries more warm water into the EJS, favoring the basin-scale intense SSMHWs. This warm water is redistributed by the East Korean Warm Current and mesoscale eddies, leading to regional features of SSMHWs in the EJS. Our results highlighted the roles of oceanic circulation in forming intense SSMHWs in the EJS.
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1 Introduction

Marine heatwaves (MHWs) are extremely warm events that last from several days to months (Hobday et al., 2016; Li et al., 2024a, 2024b; Song et al., 2024). MHWs have occurred extensively in upper global oceans, with increasing frequency and longer duration during the past century (Oliver et al., 2018). MHWs have substantial impacts on the marine ecosystems, communities and economies (Hughes et al., 2018; Smale et al., 2019; Smith et al., 2023; Szuwalski et al., 2023). A MHW event is defined as the sea surface temperature (SST) exceeds the 90th percentile of the climatology temperature and lasts for more than five days in the region (Hobday et al., 2016). MHWs have been extensively studied at the sea surface due to the availability of high resolution, long period and large spatial coverage satellite SST dataset (Oliver et al., 2021). However, the subsurface MHWs are still not fully understood, because of the lack of continuous in situ temperature observations over the entire water column (Wyatt et al., 2023; Yao et al., 2020).

The East/Japan Sea (EJS) is a semienclosed sea located in the midlatitudes of the Northwest Pacific (Figure 1), one of the regions that experienced significant upper ocean warming during the past decades (Wang and Wu, 2022). Owning to the warming oceanic conditions, severe summer MHW events have occurred in the EJS in recent years (Chen et al., 2023; Choi et al., 2022; Pak et al., 2022; Wang et al., 2022; Yao et al., 2020). For example, record-breaking MHW events occurred during July to August 2021, which were at the maximum intensity since 1982. Choi et al. (2022) investigated the summer MHWs in the EJS during 1982–2018 and proposed that the summer MHWs are due to enhanced solar radiation into the ocean. Pak et al. (2022) showed that the extreme MHWs during 2021 summer were caused by anomalous high-pressure atmospheric circulation. These studies primarily focused on the MHWs at sea surface and concluded that anomalous atmospheric forcings related to teleconnection play crucial roles in forming summer surface MHWs in the EJS.

[image: A split image showing a global map on the left with a highlighted section in East Asia, and a detailed map of the area on the right. The detailed map indicates the East/Japan Sea with ocean currents labeled, including the Tsushima Warm Current and others. Topographic details are shown in varying colors representing elevation and depth, with a color scale indicating values from negative eight thousand to four thousand.]
Figure 1 | The topography (color, m) in the study area and summer surface current schematic in the East/Japan Sea. The red arrows indicate the Tsushima Warm Current (TWC) and its branches: the East Korean Warm Current (EKWC), offshore branch (OB) and nearshore branch (NB). The blue arrow represents the North Korea Coastal Current (NKCC). The black line represents a meridional section at 129.5°E to estimate the volume transport of TWC.

As a marginal sea surrounded by the East Asian continent, the EJS is strongly influenced by oceanic circulation systems. The Kuroshio Current (KC) is a western boundary current in the Northwest Pacific, flowing along the continental slope and carrying substantial tropical warm water to north. The Tsushima Warm Current (TWC) originating from the KC enters the EJS through the Tsushima Strait, is the main heat sources of the upper ocean in the EJS (the annual volume transport of TWC into the EJS is approximately 2.5 Sv (Sv=106 m3/s)) (Fukudome et al., 2010; Isobe, 2008; Takikawa et al., 2005; Teague et al., 2005). After entering the EJS, the TWC splits into several branches downstream of the Tsushima Strait: an East Korean Warm Current (EKWC) flows northward along the Korean coast of Korea, a nearshore branch (NB) flows along the western coast of Japan and an offshore branch (OB) between them (Figure 1). In addition, the EJS is characterized by abundant mesoscale eddies especially in the southern basin (Chang et al., 2004, 2017; Chelton et al., 2011). These branches of the TWC as well as mesoscale eddies thus play important roles in redistributing the warm water in the EJS. The volume transports of the KC and TWC show clear interannual variability, which is related to the Pacific Decadal Oscillation (PDO) (Andres et al., 2009; Gordon and Giulivi, 2004; Soeyanto et al., 2014). During negative PDO phases, the KC tends to weaken, leading to an increased volume transport of the TWC into the EJS. Under such conditions, the EJS receives more warm water that favors the formations of MHWs in the upper 200 m layers. Subsurface MHWs in the EJS were reported by a recent study of Saranya and Nam (2024), in which oceanic reanalysis datasets were used to characterize the vertical structure of MHWs in several representative subregions of the EJS. However, to date, the subsurface MHWs in the EJS are still poorly understood, and their characteristics and formation mechanisms need further investigation.

In this study, we primarily aimed at investigating the characteristics of summer subsurface MHWs in the EJS as well as their potential triggers. To achieve this goal, high-resolution oceanic reanalysis datasets were used to quantify the basin-scale features of the summer subsurface MHWs in the EJS. Then, processes responsible for their formations were illustrated. The rest of this paper was organized as follows. In Section 2, the materials and methods used in this study were described. In Section 3, we used the reanalysis datasets to quantify the characteristics of the summer MHWs with depth in the EJS and further investigated their formation mechanisms. The main results were discussed in Section 4, and a summary and discussion were provided in Section 5.




2 Materials



2.1 Data

To investigate the MHWs with depth in the EJS, we used the daily sea temperature and velocity data provided by the Japan Coastal Ocean Predictability Experiment 2 (JCOPE2) ocean reanalysis system (Miyazawa et al., 2008). The JCOPE2 reanalysis datasets are generated using a general ocean circulation model to which satellite-derived sea surface height anomalies, satellite-derived SST, and vertical profile data of temperature and salinity obtained from the Global Temperature-Salinity Profile Program are assimilated. The JCOPE2 reanalysis datasets have a horizontal resolution of 1/12°×1/12° and are available from 1993 to present. In this study, we used the JCOPE2 reanalysis datasets from 1993 to 2023 for analysis.

Based on the JCOPE2 velocity data, eddy kinetic energy (EKE) was calculated as EKE=(u′2+v′2)
/2

, where u′ and v′ are the zonal and meridional perturbation currents that are referenced to the mean of 1993–2023. In addition, the volume transport of TWC across a meridional section at 129.5°E (Figure 1) was estimated using the JCOPE2 dataset. The volume transport was defined as Q=∫−h0uL


dz
, where u is the eastward velocity, L is the distance between two adjacent grid points along the section, z is the vertical level of the JCOPE2 data, h is the water depth.

The 0.25°×0.25°, daily satellite SST data from the National Oceanic and Atmospheric Administration Optimum Interpolation Sea Surface Temperature (OISST) High Resolution Dataset Version 2 were used due to its high resolution and comprehensive temporal coverage (Reynolds et al., 2007). The OISST V2 data are available from 1981 to present. The PDO index was obtained from the National Center for Environmental Information, NOAA (Zhang et al., 1997). We used the daily solar radiation data provided by the National Center for Environmental Prediction/National Center for Atmospheric Research Reanalysis (Kalnay et al., 1996).




2.2 Definition of MHWs

We defined MHWs as a discrete anomalously warm event in which the SST is above the 90th percentile threshold based on the climatological daily mean and persists for more than five days (Hobday et al., 2016). The duration represents the time period from the start to end dates of a MHW event, mean and maximum intensities indicate the mean and maximum temperature anomalies during a MHW event, respectively. Cumulative intensity denotes the sum of temperature anomalies during a MHW event, is an integration of duration and mean intensity. In this study, we used the daily JCOPE2 sea temperature during the summers (June–August) of 1993–2023 to estimate the MHWs at each grid point.





3 Results



3.1 Standard deviation of temperature anomaly in the EJS

Figure 2 shows the spatial patterns of standard deviation of temperature anomaly (SDTA) at surface, 50, 100, 150 and 200 m layers in the EJS during summer. One of the most prominent features is that the SDTA is much larger at subsurface than at surface. At surface, the SDTA is almost uniform with a value of approximately 1.5°C (Figure 2A). This indicates that large-scale atmospheric forcings play an important role in affecting the SSTA during summer. At 50 m layer, the SDTA reaches to approximately 2.5°C and shows evident spatial variations: relatively larger SDTA values occur in the southern basin (Figure 2B). At 100 m layer, the SDTA is much larger in the south (> 3°C) and is smaller in the north: leading to evident south-north gradient in the EJS (Figure 2C). From 150 to 200 m, the SDTA decreases slowly in the southern EJS while it decays sharply in the northern EJS (Figures 2D, E). Vertically, the SDTA area-averaged over the EJS is homogeneous at 0–10 m layers and then increases quickly from surface to subsurface layers (Figure 2F).

[image: Five panels labeled A to E display sea temperature anomalies at different depths (surface, 50 m, 100 m, 150 m, and 200 m) around a geographic region. Colors range from blue (cooler) to red (warmer) based on the provided scale. Panel F shows a temperature profile with depth on an unlabeled vertical graph. Panel G is a time series chart from 1993 to 2023, comparing temperature anomalies at various depths using different-colored lines.]
Figure 2 | Spatial patterns of standard deviation of temperature anomaly (SDTA) at surface, 50, 100, 150 and 200 m layers (A–E), (F) vertical profile of SDTA area-averaged over the EJS during summer. (G) Daily time series of summer temperature anomaly area-averaged over the EJS at surface (red), 50 (cyan), 100 (blue), 150 (green) and 200 m (purple) layers based on the JCOPE2 datasets. The black line represents the daily SSTA of the OISST dataset to verify the accuracy of JCOPE2 datasets.

Figure 2G shows the time series of daily temperature anomaly area-averaged over the EJS based on the JCOPE2 reanalysis datasets. To verify the accuracy of the data, comparisons between SSTA of the JCOPE2 and OISST datasets were made. During summer, the daily SSTA area-averaged over the EJS shows very good agreements between the two datasets. The coefficient between the two datasets is 0.91 and the root mean square error is 0.24°C, respectively. Moreover, it is confirmed from both two datasets that the highest summer SSTA occurred in 2021. This reflects the severe surface MHW events in the EJS during 2021 summer (Chen et al., 2023; Pak et al., 2022). It is noted from the JCOPE2 data that the temperature anomalies show large differences in magnitude between surface and subsurface layers. This suggests that the features of the subsurface MHWs in the EJS may be different from those of the surface MHWs. Overall, the good consistency between the two datasets encourages us to use the three-dimensional JCOPE2 reanalysis datasets to further explore the vertical structure and temporal evolution of summer MHWs in the EJS.




3.2 Climatological state of oceanic conditions

Figures 3A, B show the summer mean of sea temperature, current and EKE at surface in the EJS based on the 31-years JCOPE2 reanalysis datasets. During summer, the SST in the EJS ranges from approximately 12 to 25°C, with warmer SST in the south and colder SST in the north (Figure 3A). The surface current shows that the TWC flows into the EJS and bifurcates into three branches: the EKWC, OB and NB. The EKWC flows northward along the eastern coast of Korea, separates from the coast at around 39°N, and then meanders eastward into the central basin. The NB flows along the western coast of Japan and merges with the separated EKWC west of the Tsugaru Strait (Figure 3B). The OB is between the EKWC and NB, and flows northward into the EJS. In the northern basin, the current is much weaker and we can see the North Korea Cold Current (NKCC) flowing southwestward along the coast of Russia and North Korea. The surface EKE clearly shows high values in the southern basin, especially in the eastern coast of Korea (Figure 3B). While, the EKE is much lower in the northern basin. This means that mesoscale eddy activities are much stronger in the southern EJS.

[image: Panel A shows sea surface temperature (SST) in degrees Celsius across ocean regions, with colors ranging from blue to red indicating cold to warm temperatures. Panel B illustrates ocean currents and eddy kinetic energy (EKE) with color gradients and arrows denoting flow direction and speed, measured in centimeters per second. Both panels cover the same geographic area from 34 to 52 degrees North latitude and 126 to 141 degrees East longitude.]
Figure 3 | Summer mean of sea temperature (A), current (B, arrows) and EKE (B, color) at surface based on the 31-years JCOPE2 reanalysis datasets.




3.3 Characteristics of summer MHWs in the EJS

Summer MHWs in the EJS have been reported by several recent studies (Chen et al., 2023; Choi et al., 2022; Pak et al., 2022; Wang et al., 2022). However, these studies mainly focused on the MHWs at surface, and the subsurface MHWs in the EJS are scarcely studied (Saranya and Nam, 2024). In this study, we used the cumulative intensity for analysis because it represents comprehensive information of the duration and mean intensity of a MHW event. Figure 4 shows the summer mean cumulative intensity of MHWs with depth in the EJS based on the 31-years JCOPE2 reanalysis datasets. During summer, the cumulative intensity of MHWs shows substantial spatial variations at different depths. The most striking feature is that the cumulative intensity is much larger at subsurface than at surface. At surface, the cumulative intensity is almost uniform with a value of approximately 20°C days (Figure 4A). Vigorous cumulative intensity with a value of 30–70°C days is observed starting from 20 m depth, which firstly occurs in the western EJS and then extends over most of the EJS at depths of 20–200 m (Figures 4B–J). To 200 m depth, large cumulative intensity can still be found in the southern EJS, while the value is small in the northern EJS. To 300 m depth, the cumulative intensity is much smaller over almost the entire EJS, indicating the weakening of MHWs (Figure 4K). The vertical profile of cumulative intensity area-averaged over the EJS shows that the magnitude increases quickly from surface (20°C days) to its maximum at 70 m depth (36°C days), and then decays gradually downward (Figure 4L). It is also noted that the spatial patterns of subsurface MHWs in the southern EJS show mesoscale features, indicating that eddy activities play important roles in subsurface MHWs in this region.

[image: Maps A to K show sea temperature differences in the northwestern Pacific at various depths from surface to 300 meters, using a color scale from blue (0°C days) to red (50°C days). Panel L is a line graph displaying temperature change with depth, from 0 to 400 meters, showing a decrease in temperature with greater depth.]
Figure 4 | (A–K) Summer mean of cumulative intensity of MHWs with depth in the EJS based on the 31-years JCOPE2 reanalysis datasets. (L) Vertical profile of cumulative intensity of MHWs area-averaged over the EJS.

The maximum intensity of MHWs shows some common features with the cumulative intensity. First, the maximum intensity also features huge spatial variations at different depths (Figure 5): the maximum intensity is small at surface and large values are recognized at subsurface layers. Second, at each layer, the maximum intensity and cumulative intensity show similar spatial patterns: the maximum intensity is uniform at surface and shows mesoscale features at subsurface layers of the southern EJS. Overall, the cumulative and maximum intensities confirm significant subsurface intensification (~20–200 m) of summer MHWs in the EJS.

[image: Maps A to K show temperature distribution near a geographic region across depths from surface to 300 meters, with colors indicating temperature in degrees Celsius from 0 (blue) to 6 (red). Panel L shows a line graph of temperature versus depth, with depth in meters on the y-axis and temperature on the x-axis.]
Figure 5 | (A–K) Summer mean of maximum intensity of MHWs with depth in the EJS based on the 31-years JCOPE2 reanalysis datasets. (L) Vertical profile of maximum intensity of MHWs area-averaged over the EJS.

In order to examine the prevalences of summer MHWs at different depths, we estimated the area that occur MHW events and the associated area-averaged intensity in the EJS at each layer. Then, a ratio (ψ) was defined as the area that occur MHWs relative to total area of the EJS. Finally, an area-weighted mean intensity in a given day was defined as the ratio ψ multiplies the area-averaged intensity. Figure 6 shows the daily ratio ψ in the EJS at different depths during the summers of 1993–2023, which provides a basin-scale view of interannual variability of MHWs with depth. It clearly shows that prevalent MHWs occurred in the EJS during the summers of 1994, 1998, 2004, 2010, 2013 and 2016–2023. In particular, consecutive intense MHW events during 2020–2023 were very striking. The mean ratio ψ reached approximately 50% among these four years, indicating that over half areas of the EJS have occurred intense summer MHWs.

[image: Line graphs showing time series data from 1993 to 2023 at different ocean depths (surface to 500 meters). Each graph shows varying red peaks, increasing significantly around 2010 and peaking in the past decade.]
Figure 6 | Daily ratio ψ in the EJS at different depths during the summers of 1993–2023. The ratio ψ was defined as the area that occurs MHWs relative to total area of the EJS.

MHWs can be classified into different categories based on the vertical structures: such as shallow MHWs (occurring in the upper several tens of meters) and subsurface MHWs (MHWs can extend from surface to several hundred meters with stronger signals at subsurface) (Elzahaby and Schaeffer, 2019; Schaeffer and Roughan, 2017; Yao and Wang, 2024). Figure 7 shows the daily area-weighted mean intensity in the EJS at different depths during the summers of 1993–2023. Shallow and subsurface types of summer MHWs in the EJS were identified. In details, the 1994, 1998, 2010 and 2013 MHWs occurred primarily at upper several tens of meters, with no evident signals at deeper depths, which were identified as shallow MHWs. The 2004 MHWs occurred at 30–200 m, while no evident MHW signals occurred at surface. In addition, the 2016–2023 MHWs showed evident signals from surface to approximately 300 m with stronger signals at deeper depths. Therefore, the 2004 and 2016–2023 events were classified as subsurface MHWs.

[image: Nine line graphs display temperature anomalies in degrees Celsius at various ocean depths from 1993 to 2023. Depths range from surface to five hundred meters. Anomalies are more pronounced at shallower depths, with significant increases over the period, especially after 2015.]
Figure 7 | Daily area-weighted mean intensity of MHWs in the EJS at different depths during the summers of 1993–2023.

Figure 8 shows the time-depth plot of cumulative and maximum intensities of MHWs area-averaged over the EJS during the summers of 1993–2023. The cumulative intensity shows evident interannual variabilities: moderate MHWs occurred in 1994, 1998, 2004, 2010, 2013 and 2016–2019, intense MHWs occurred during 2020–2023. Among these MHW events, the 2021 event was the strongest, with the largest cumulative intensity occurred at 70 m depth (227°C days) which was twice of that at surface (102°C days). It can be indicated from the vertical structure that the 1994, 1998, 2010 and 2013 events were shallow MHWs, the 2004 and 2016–2023 events belonged to subsurface MHWs. These findings were in consistent with the classification of MHWs shown in Figure 7. The time-depth plot of maximum intensity of MHWs area-averaged over the EJS clearly shows that the maximum intensities primarily occurred between 20–200 m layers. In particular, the maximum intensity of the extreme 2021 MHW event reached to approximately 6°C.

[image: Two contour plots display marine heatwave (MHW) data from 1993 to 2022 by depth. The top plot shows cumulative intensity in degrees Celsius days, increasing rightward, with significant values from 2017 onward. The bottom plot shows maximum intensity in degrees Celsius, also with an increase around 2017. Color scales range from blue (low) to red (high). Depth ranges from zero to negative four hundred meters in both plots.]
Figure 8 | Time-depth plots of cumulative (A) and maximum (B) intensities of MHWs area-averaged over the EJS during the summers of 1993–2023.




3.4 Mechanisms of summer MHWs in the EJS

Above analysis has shown the characteristics of summer MHWs in the EJS. In this section, we further explored the formation mechanisms of these MHWs. As a semienclosed marginal sea in the Northwest Pacific, the EJS is significantly influenced by remote and local forcings. For example, atmospheric teleconnections cause enhanced solar radiation (due to lower cloud coverage) into the EJS and adjacent seas, which can explain the observed summer surface MHWs in this region (Chen et al., 2023; Choi et al., 2022; Pak et al., 2022; Wang et al., 2022). Based on the daily ratio ψ in the EJS at surface (Figure 6), widespread MHW days were selected when the ratio ψ is larger than 0.3 (324 days). Composite anomalies of SST and solar radiation among these 324 widespread MHW days were shown in Figure 9. The spatial patterns of anomalies of SST and solar radiation indicate that the anomalous enhanced solar radiation explained the warm SSTA in the EJS. This means that the summer surface MHWs in the EJS are primarily due to increased solar radiation into the ocean, which is consistent with the findings of several recent studies (Choi et al., 2022; Pak et al., 2022). During summer, however, the mixed layer in the EJS is shallow with a value of several to ten meters (de Boyer Montégut et al., 2004). The strong stratification inhibits the vertical mixing and keeps more heat fluxes at the sea surface. As shown in present study, intense subsurface MHWs occurred in the EJS at depths of 20–200 m (Figure 4). This means that the surface heat fluxes are unable to explain the observed subsurface MHWs at such deep depths. The sea temperature in the EJS is profoundly affected by local oceanic processes in this region. Firstly, the TWC originates from the KC in the East China Sea and is the main heat sources of the upper ocean in the EJS. Therefore, the anomalous increased volume transport of TWC into the EJS can lead to positive sea temperature anomalies over the whole basin (Wang and Wu, 2022). Second, mesoscale eddies prevail over the southern EJS, downwelling associated with anticyclonic eddies can cause positive sea temperature anomalies in this area. In the following, we examined the influences of these oceanic processes on the summer subsurface MHWs in the EJS as follows.

[image: Two maps show sea surface temperature anomalies (SSTA) and solar radiation anomalies in a geographic region. Map A represents SSTA in Celsius, highlighted by a gradient from dark blue (0°C) to red (2.5°C). Map B displays solar radiation anomalies in watts per square meter, ranging from blue (-12 W/m²) to red (12 W/m²). Both maps indicate higher anomalies near the center, with latitudinal and longitudinal lines for reference.]
Figure 9 | Composite anomalies of SST (A) and solar radiation (B) among these 324 widespread MHW days. Widespread MHW days were selected when more than 30% of the total EJS areas occur MHWs.

Based on the 31-years JCOPE2 reanalysis datasets, we estimated the volume transport of TWC during the summers of 1993–2023. The estimated summer mean volume transport of TWC into the EJS is 2.57 Sv, which is in good agreement with the results of previous studies (Fukudome et al., 2010; Isobe, 2008; Takikawa et al., 2005; Teague et al., 2005). Considering that the summer subsurface MHWs are the strongest at approximately 70 m, the sea temperature anomaly area-averaged over the EJS at this level was estimated. Figure 10 shows the anomalies of volume transport of TWC and sea temperature area-averaged over the EJS during the summers of 1993–2023. The correlation coefficient between the anomalies of volume transport of TWC and area-averaged sea temperature is 0.64. The positive correlation coefficient indicates that increased volume transport of TWC leads to warmer sea subsurface temperature, which favors the formations of subsurface MHWs in the EJS. In particular, large positive anomalies of volume transport of TWC occurred during the consecutive intense subsurface MHW events 2020–2023. Among these four years, the volume transport of TWC increased by 9.3%, 16.7%, 15.2% and 12.6% relative to the climatology state. These findings confirm that the anomalous strengthened TWC is a key trigger of summer subsurface MHWs in the EJS.

[image: Line graph showing PDO, TWC volume transport, and temperature anomalies from 1993 to 2021. The black line represents QA in Sverdrups, red shows PDO in degrees Celsius, and blue indicates temperature anomalies. Fluctuations are evident across all variables over the time period.]
Figure 10 | Time series of Pacific Decadal Oscillation (PDO) index (red), anomalies of volume transport of TWC (black) and 70 m sea temperature (blue) area-averaged over the EJS during the summers of 1993–2023.

The summer subsurface MHWs in the EJS also show regional features. For instance, the intensities of MHWs show evident mesoscale features in the southern EJS (Figures 4, 5). In the following, we used the consecutive intense subsurface MHWs 2020–2023 as an example to explain the regional characteristics of the subsurface MHWs. Figure 11 shows the anomalies of sea temperature, current, EKE at 70 m depth in the EJS during the summers of 2020–2023. Among the four years, the anomalies of sea temperature, current and EKE showed distinct features in the southern and northern EJS, respectively. In the southern EJS, the circulation was characterized by an organized EKWC and abundant mesoscale eddies (Figures 11A–D). Positive temperature anomalies occurred along the pathway of the EKWC as well as its separated branches (Figures 11E–H). This reflects the entrainments of warm water by the strengthened EKWC. In addition, positive (negative) temperature anomalies were accompanied with anticyclonic (cyclonic) eddies, which was also indicated from the spatial patterns of the EKE anomaly (Figures 11I–L). This indicates that downwelling (upwelling) associated with anticyclonic (cyclonic) eddies caused warmer (colder) temperature in this region. In the northern EJS, the current magnitudes were much weaker and the spatial patterns were some disorganized. The temperature anomalies were relatively uniform in the northern EJS although several bumps of warmer water were accompanied with anticyclonic eddies.

[image: Series of maps showing ocean anomalies from 2020 to 2023. Panels A-D depict current anomalies with vector arrows. Panels E-H show temperature anomalies with a color gradient from blue to red. Panels I-L display Eddy Kinetic Energy (EKE) anomalies with color ranging from blue to red. Each row represents different data types, and each column corresponds to a specific year.]
Figure 11 | Anomalies of current (A–D), temperature (E–H), EKE (I–L) at 70 m depth in the EJS during the summers of 2020–2023. The temperature and velocity were obtained from the JCOPE2 reanalysis datasets during 1993–2023.





4 Discussion

Subsurface MHWs have received growing recognition due to the great impacts on marine ecosystems (He et al., 2024). Recently, several researchers investigated the vertical structure of MHWs, demonstrating the good ability of oceanic reanalysis datasets in revealing the characteristics of subsurface MHWs (Sun et al., 2023; Yao and Wang, 2024). In the present study, we used the JCOPE2 reanalysis datasets to investigate the summer subsurface MHWs in the EJS. The JCOPE2 system assimilates almost all available satellites, ARGO floats and ships data, so that the model well simulates the oceanic states associated with the KC and mesoscale eddy variability (Kido et al., 2022; Miyazawa et al., 2024; Zheng et al., 2023). The JCOPE2 SSTA averaged over the EJS shows good agreement with the OISST dataset (Figure 2G), encouraging us to use the JCOPE2 reanalysis datasets to characterize the vertical structure of MHWs in the EJS. We found that the MHW intensities in the EJS are much stronger at subsurface layers than at surface and that strong summer subsurface MHWs primarily concentrate on the 20–200 m layers. This is consistent with the findings in previous studies that subsurface-intensified MHWs occurred in upper 200 m of the EJS (Saranya and Nam, 2024; Zhang et al., 2023). The cumulative and maximum intensities show that the summer MHWs are almost spatially-uniform at surface, as suggested in several recent studies (Chen et al., 2023; Choi et al., 2022; Pak et al., 2022; Wang et al., 2022). Our results further confirm that the intensities of summer subsurface MHWs show large spatial variations especially in the southern basin (Figures 4, 5). The strongest subsurface MHWs occurred off the east coast of North Korea with the cumulative and maximum intensities exceeding 50°C days and 6°C, respectively. Temporally, the summer MHWs in the EJS show clear interannual variability: moderate MHW events occurred in 1994, 1998, 2004, 2010, 2013 and 2016–2019, and intense MHW events occurred during 2020–2023. To classify these MHW events into different categories, we estimated the spatial extent of MHWs with depth (Figure 6). Combining the mean intensity over the whole basin, we then derived the area-weight mean intensity over the EJS at different depths (Figure 7). According to the vertical structure of MHWs, the 1994, 1998, 2010 and 2013 events were identified as shallow MHWs, the 2004 and 2016–2023 events were recognized as subsurface MHWs.

The spatially-uniform patterns of surface MHW intensities suggest that large-scale atmospheric forcings play important roles in forming summer surface MHWs in the EJS. This was confirmed from the composite anomalies of SST and solar radiation during widespread surface MHW events (Figure 9). However, as shown in Figures 6-8, intense summer subsurface MHWs were observed at depths of 20–200 m. This suggests the anomalous enhanced solar radiation into the ocean cannot explain these subsurface MHWs due to the strong stratification in the EJS during summer. Our results show that local oceanic circulation is the key trigger of summer subsurface MHWs in the EJS. The subsurface temperature anomaly averaged over the EJS is positively correlated to the anomaly of volume transport of TWC with a coefficient of 0.64 (Figure 10). Accompanying with large positive anomalies of volume transport of TWC during 2004, 2017 and 2020–2023, evident subsurface MHW events were simultaneously recognized during these years. This indicates that enhanced TWC carried more warm water into the EJS, providing favorable conditions to form basin-wide subsurface MHWs (Wang and Wu, 2022). Our results demonstrate the speculation of Saranya and Nam (2024) that horizontal advection plays a significant role in the subsurface-intensified MHWs in upper 200 m of the EJS. Although no detailed works were conducted in the present study to examine the reason why the TWC enhanced among these years, we believed that this was related to the negative phases of PDO (Figure 9) as suggested by several previous studies (Andres et al., 2009; Gordon and Giulivi, 2004; Soeyanto et al., 2014). In the future, atmosphere-ocean coupled model is needed to further explore the PDO’s influences on the subsurface MHWs in the EJS. On the other hand, we found that the regional features of summer subsurface MHWs in the southern EJS were closely associated with local current and mesoscale eddies. During the consecutive intense subsurface MHW events 2020–2023, strengthened EKWC and anticyclonic cyclonic eddies were recognized in the southern EJS (Figure 11). The enhanced EKWC and anticyclonic eddies redistributed the warm water carried by the TWC, leading to the regional features of the summer subsurface MHWs in the southern EJS.




5 Summary and conclusion

Based on the high-resolution JCOPE2 reanalysis datasets during 1993–2023, this study analyzed the characteristics of summer MHWs with depth in the EJS, and then investigated the formation mechanisms of MHWs at subsurface. Climatologically, the cumulative and maximum intensities of summer MHWs show large spatial variations at different depths, with the cumulative (maximum) intensity area-averaged over the EJS ranging from 20°C days (2.5°C) at surface to its maximum of 36°C days (4°C) at approximately 70 m. The vertical structure of MHW intensities confirms significant subsurface intensification (20–200 m) of summer MHWs in the EJS. The cumulative and maximum intensities of MHWs show almost uniform spatial patterns at surface. At subsurface layers, however, the cumulative and maximum intensities of MHWs show substantial spatial variations especially in the southern EJS. Temporally, the summer MHWs in the EJS show clear interannual variability: widespread MHW events occurred in 1994, 1998, 2004, 2010, 2013 and 2016–2023. According to the area-weight mean intensity over the EJS at different depths, the 1994, 1998, 2010 and 2013 events were identified as shallow MHWs, and the 2004 and 2016–2023 events were classified as subsurface MHWs.

During summer, the strong stratification in the EJS inhibits the vertical mixing and traps more heat fluxes at the sea surface. Under such conditions, the surface heat fluxes cannot explain the observed intense summer subsurface MHWs in the EJS at depths of 20–200 m. Our results demonstrate that the intense summer subsurface MHWs are primarily caused by internal oceanic processes. As the main heat sources of the upper ocean in the EJS, the strengthened TWC plays a key role in triggering summer subsurface MHWs in the EJS. Anomalous increased volume transport of TWC carries more warm water into the EJS, providing favorable conditions to form basin-scale subsurface MHWs. After entering the EJS, this warm water is redistributed by the strengthened EKWC and mesoscale eddies, leading to the regional features of subsurface MHWs in the southern EJS. Our study provided an overall view of the characteristics of summer subsurface MHWs in the EJS and the key role of oceanic circulation in triggering these MHWs was highlighted.
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