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Intra-annual sea level fluctuations and variability of mesoscale processes based on eddy kinetic energy (EKE) were studied in the northern (northward of 41 N) Japan/East Sea (JES) using data from satellite altimetry for 1993–2020. Decomposition to empirical orthogonal functions (EOF) was performed of the high-pass filtered, with the cut-off period of 250 days, sea level anomalies. The leading mode accounting for the major fraction of the variance yielded sea level fluctuations which were simultaneous in the entire sea and occurred in the range from 70 to 250 days without any preferable timescale. EKE in the northern sea was also expanded to EOF and yielded the leading mode capturing mesoscale variability within the Primorye (Liman) Current and the Tsushima Warm Current. The seasonal signal was found in the simultaneous intra-annual sea level fluctuations, which matches that of EKE, and, as found in the earlier studies, of the mean currents. The sea level rises, the mean currents intensify and EKE increases in summer and fall and the opposite changes occur in winter and spring, with the seasonal extremes in October/November and March/April, respectively. This is in line with the EKE generation by instability of the mean currents. The intra-annual sea level fluctuations and EKE manifest rich variability on quasi-biennial, interannual and decadal timescales. However, in contrast with the seasonal signal, the low-frequency variability does not match, implying different kinds of forcing, probably by local wind in the northern JES and by the transport variations in the Korea – Tsushima Strait (KTS) in the southern JES. Intra-annual simultaneous SLA reveal changing relationship with Pacific Decadal Oscillation (PDO): both were in-phase in 1993–1994 and from late 2007 to 2013 and out-of-phase from 1997 to 2002, while there was no specific relationship in other times. However, the relationship of these SLA with the interannual KTS transport variation seems inconclusive.
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Introduction

The sea level is an important indicator of dynamic processes in the ocean and an essential climate variable. Therefore, a lot of attention has been paid to sea level variability, in particular, in the Japan/East Sea (JES), first from tide gauge data and since 1990s from satellite altimetry. In the first place, the seasonal variation was studied and the sea level rise in the warm season and decline in the cold season was detected and attributed to the steric effects due to thermal forcing (see original results and review by Oh et al., 1993). As revealed from satellite altimetry, the sea level in the JES is, on average, the highest in October and the lowest in March (Choi et al., 2004; Trusenkova and Kaplunenko, 2013). Warm water enters the JES in the south through the Korea/Tsushima Strait (KTS) and the excess water leaves the sea through the Tsugaru and La Perouse (Soya) Straits in the northeast (Figure 1A), therefore, the imbalance in the straits can be another mechanism of sea level variations. On timescales longer than one year, quasi-biennial (QB) fluctuations were revealed in the southern JES (Hirose and Ostrovskii, 2000; Choi et al., 2004) and later in the entire sea (Trusenkova and Kaplunenko, 2013). Sea level trends were estimated several times from the extending record and were eventually found to be close to the global mean trends (Kang et al., 2005; Marcos et al., 2012; Trusenkova, 2018). Decadal signal was also detected, with the sea level rising in 1995–2000 and 2008–2013 and declining in 2001–2007 simultaneously in the entire JES (Trusenkova, 2018). Low-frequency variability was examined and the relationship with Pacific Decadal Oscillation (PDO) was found in the JES, with higher or lower sea level during the negative or positive PDO phases, respectively (Gordon and Giulivi, 2004).




Figure 1 | (A) Sea level variance (cm2). Currents are schematically shown by arrows and labeled by numbers: the East Korea Warm Current (EKWC) and its continuation off the coast by 1, the Tsushima Warm Current (TWC) by 2, the East Sea Current by 3, the Primorye (Liman) Current by 4, the North Korea Cold Current (NKCC) by 5, the western branches of the TWC by 6; the intermittent currents are shown by the dotted lines. Peter the Great Bay is marked by the letter P, the KTS, Tsugaru and La Perouse (Soya) Straits are marked as KTS, T, and L, respectively. (B) Time-averaged EKE from the satellite altimetry data (cm2/s2); 2000-m isobath is shown by the blue contour. EOF 1 (cm) from the (C, E) high-frequency (HF) and (D, F) original SLA for the (C, E) entire and (D, F) northern JES. (G) EOF 1 (cm2/s2) from EKE in the northern JES. Contours are shown for every 25 cm2 in (A), 25 cm2/s2 in (B), 0.5 cm in (C, E, F), 1 cm in (D), and 2 cm2/s2 in (G).



The JES features the complex circulation system including both cold currents in the northern part and warm currents in the southern part, divided by the Subarctic Front at 40–41 N° (see review by Danchenkov et al., 2006). The former are the Primorye (Liman) Current and North Korea Cold Current (NKCC) and the latter are the East Korea Warm Current (EKWC), East Sea Current (Lee and Niiler, 2005), Tsushima Warm Current (TWC) and TWC western branches (Figure 1A). Using altimetry data, it was found that the mean currents in the JES intensify in the warm season and slacken in the cold season (Morimoto and Yanagi, 2001). More exactly, the seasonal variation in the sea level gradient across the Subarctic Front and in the strength of the mean currents matches that in the simultaneous sea level fluctuations, with the seasonal extremes in October and March, respectively, due to differential surface cooling and the thermal forcing from the KTS (Trusenkova and Kaplunenko, 2013).

Mesoscale eddies are abundant in the JES (Danchenkov et al., 2006) and their frequent locations were detected from infrared satellite imagery (analysis of A. Nikitin, published in Trusenkova et al., 2009) and from satellite altimetry (Lee et al., 2019). However, the resolution of altimetry data is probably enough for detecting individual eddies in the southern JES (see, for instance, Lee and Niiler, 2010) but not for the northern JES. In particular, only few areas of the increased sea level variance (Morimoto et al., 2000) and of frequent eddy locations (Lee et al., 2019) were found northward of 41° N, namely, along the Hokkaido Island and off Peter the Great Bay, while the central northern JES seems to be an ‘eddy desert’. However, mesoscale eddies were frequently found northward of the Subarctic Front (Takematsu et al., 1999; Lobanov et al., 2007) and in the entire area of 40–42° N, 133–135° E from infrared satellite imagery (Trusenkova et al., 2009), while these eddies are not always captured by satellite altimetry due to their smaller sizes (less than 100 km).

Intra-annual sea level fluctuations can be related to eddy formation; however, the fluctuations on the 70–150-day timescales were found to be simultaneous in the entire JES, which was attributed to the transport imbalance in the straits (Choi et al., 2004; Trusenkova and Kaplunenko, 2013). The physical mechanism was suggested as fast barotropic waves traveling from the KTS towards the Tsugaru and La Perouse Straits and generated by high-frequency transport variations in the KTS, with the latter being forced by wind and sea level differences outside the JES (Choi et al., 2004; Lyu and Kim, 2005). Accordingly, the 64-day Fourier spectral peak (Ostrovskii et al., 2009) and variability on even shorter timescales (3–50 days; Kang et al., 2014) were found in the KTS transport and these variations can be as strong as the seasonal ones. The intra-annual sea level fluctuations were also found in tide gauge records, being in-phase along the Korea and Japanese coasts (Choi et al., 2004) but not always in-phase along the Russian coast (Trusenkova et al., 2021).

Mesoscale processes can be quantified by eddy kinetic energy (EKE) based on velocities computed from altimetry SLA or from drifter data. Time-averaged EKE is an order of magnitude less in the northern JES than in the southern JES, as was estimated from both altimetry data (Figure 1B) and surface drifters (Lee and Niiler, 2005). Mean EKE based on buoys is increased within the Primorye Current zone, compared to the adjacent area, although this feature does not appear in the altimetric EKE; however, anticyclonic slope eddies were frequently detected between the Primorye Current and the coast (from infrared satellite imagery; Ponomarev et al., 2011). Still, statistics of mesoscale processes and high-frequency sea level variability are still poorly known in the northern JES. Therefore, the purpose of this study is to clarify the variability of the sea level and mesoscale processes in the northern JES.



Data and Methods

The Copernicus Marine Service (CMEMS) daily gridded sea level anomalies (SLA) from January 1, 1993, through December 31, 2020, were used in this study. Data cover the area between 35° and 48° N and 127.5° and 141.5° E, with the 0.25° spatial resolution. We use the dataset based on sea level data from two satellite systems which were maintained throughout the record, namely, T/P – Jason and ERS – Envisat – Saral; this dataset is suitable for the long-term analysis. The data were gridded by optimal interpolation and SLA were computed by subtracting the 20-year mean for 1993–2012 in every bin (Mertz et al., 2017). As the data record covers 1993–2020, time-averaged SLA for the entire 1993–2020 period are not zero and vary between 3 and 6 cm over the JES. The CMEMS products include errors for the interpolated data, which, on average, are between 1 and 2.5 cm in the northern JES and between 1.5 and 3.5 cm in the southern JES.

To analyze mesoscale processes, eddy kinetic energy (EKE) was computed as (u´2+v´2)/2 where u´ and v´ are the geostrophic velocity anomalies. We computed these velocities as u´ = -(ξ/f) ∂ξ/y and v´ = (g/f) ∂ξ/x, where ξ is SLA, g is the constant acceleration due to gravity, f is the Coriolis parameter, x and y are the Cartesian coordinates in the directions from west to east and from south to north, respectively. To exclude the effect of non-zero mean SLA on EKE, mean values were subtracted from SLA prior to the EKE computation. The spatially averaged EKE was used for the analysis and during its computation EKE in every bin was weighted by the latitude cosine in order to account for the bin changes with latitude.

For our analysis we expanded SLA and EKE into empirical orthogonal functions (EOFs) computed as eigenvectors of the symmetrical correlation matrix rather than from conventional covariances, thus enabling the detection of patterns in areas of weaker signals. Note that the correlation computation involves the subtraction of temporal mean values, eliminating any effect of non-zero mean SLA. The expansion to EOFs provides a kind of averaging, thus reducing data errors by (N*)-1/2 where N* is the number of degrees of freedom (Preisendorfer, 1988). Derived modes are considered significant if SLA related to them exceed data errors. The considered modes are summarized in Table 1.


Table 1 | The analyzed modes.



To identify timescales of non-stationary timeseries, wavelet transform (WT) was used, with the DOG-9 mother wavelet, which is the 9th order derivative of the Gaussian distribution (Torrence and Compo, 1998). It features good resolution in the time domain and reasonable resolution in the frequency domain, thus providing informative spectra. The statistical significance of the spectra was estimated with respect to the red noise at the 90% confidence level. The cone of influence (COI) of edge effects (Torrence and Compo, 1998) is shown in the spectra; everything within COI should not be considered. Note that calculating spectra by squaring the WT based on DOG-9 mother wavelet generates two maxima per period.

Data filtering was performed by timeseries reconstruction based on the inverse WT (Torrence and Compo, 1998). SLA were high-pass filtered with the cut-off period of 250 days which separates the seasonal and longer scale variability from the intra-seasonal variability (see below). EKE was low-pass filtered, with the cut-off period of 15 weeks, in order to remove noise resulted from the differentiation when computing velocities from SLA.

Computations were performed with the use of the modified Torrence and Compo, 1998 procedure.



Results and Discussion


Intra-annual Fluctuations of Sea Level

To analyze intra-annual fluctuations, high-pass filtered SLA were expanded to EOFs; for comparison, the original SLA were also expanded to EOFs. The decompositions were performed for the entire and northern JES (Table 1). The leading modes from all samples account for the major fraction of the total variance (49% – 84%; Table 1), while every next mode accounts for less than 5% of the variance and cannot be considered as significant. Thus, only the leading mode is further analyzed for every sample.

As for the entire JES, the spatial patterns of both high-frequency and original leading modes are of the same sign everywhere, i.e. they capture the simultaneous sea level fluctuations. Their loadings are the largest northward of 40–41° N, although the loadings are somewhat decreased in the narrow zone along the northeastern sea boundary (Figures 1C, D). If the EOF decompositions were based on covariances in data, the largest loadings would be in areas of the largest variance and the spatial EOF patterns would resemble that of the variance (Figure 1A), as in (Trusenkova, 2018). In contrast, the modes based on correlations analyzed in this study highlight the areas of maybe weaker signals but stronger variability.

The modes for the northern JES are the counterparts of those for the entire sea, as they have the matching spatial patterns (compare Figures 1C, D with Figures 1E, F, respectively) and the temporal functions (principal components; PCs) are practically the same, with the correlations between the corresponding timeseries of about 0.98. Thus, the leading mode for the northern JES captures fluctuations which are simultaneous in the entire JES, for both the original and high-pass filtered SLA, which was not evident beforehand. Note that the modes for the northern JES account for the larger fractions of the variance than those for the entire JES (Table 1) and the loadings are larger in the northern area. The PC timeseries and their WT spectra for the high-frequency and original leading modes in the northern JES are shown in Figures 2, 3, respectively.




Figure 2 | (A) The principal component PCHF 1 (dimensionless) for the northern JES, (B) its WT spectrum, (C) its time-averaged WT spectrum, and (D) the periods (days) of maximum power in the range between 50 and 250 days. In (B) and hereafter the 90% confidence levels are shown by solid cyan contours and COIs by dashed cyan lines.






Figure 3 | (A) The principal component PC 1 (dimensionless) for the northern JES and (B) its WT spectrum.



In the northern JES, loadings in the spatial maxima of the leading high-frequency and original modes are equal to 2.2–2.6 cm and 5.5–7.5 cm, respectively (Figures 1C–F). As the PC absolute values mostly exceed 0.5 (Figures 2A, 3A), the absolute values of SLA related to these modes mostly exceed 1.1–1.3 cm and 2.7–3.7 cm, respectively. The numbers of degrees of freedom for PCHF 1 and PC 1 are estimated as N* = 93 and N* = 27, respectively; therefore, data errors are reduced, due to EOF, by (N*)-1/2 (Preisendorfer, 1988) and they are equal to 0.3 and 0.5 cm, respectively. This means that SLA related to the considered modes exceed the data errors in the northern JES.

The PCs of the high-frequency mode for both entire and northern JES (PCHF 1; Figure 2A for the northern JES) feature fluctuations in the range between 30–50 and 250 days, with the strong variability, as seen in the WT spectrum (Figure 2B for the northern JES). This is in line with the earlier findings of the intra-annual fluctuations simultaneous in the entire JES (Trusenkova and Kaplunenko, 2013). However, an unexpected feature is a seasonal signal found throughout the record in these fluctuations, which is rather obscured in the PCHF 1 timeseries (Figure 2A) but is clearly seen in both original and time-averaged WT spectra (Figures 2B, C).

The seasonal signal in PCHF 1 needs explanation, as the data were preliminary high-pass filtered, with the cut-off period of 250 days, i.e. the annual variation is supposed to be excluded. To clarify this, temporal variation of the original, non-filtered mode is considered (see PC 1 for the northern JES and its WT spectrum in Figures 3A, B, respectively). As expected, PC 1 of the original mode features the well known strong seasonal cycle, with the sea level rise from spring to fall and decline from fall to spring and the seasonal extremes in October/November and March/April, respectively. Note that WT with the DOG mother wavelet provides good resolution in the time domain and not so good resolution in the frequency domain (Torrence and Compo, 1998). The statistically significant maxima cover periods between 270 and 400 days in Figures 2B, 3B; the corresponding maximum lies at the 350–375-day period in the time-average spectra, which corresponds to the annual timescale. This kind of the annual variation was earlier found for sea level averaged in the entire JES (Choi et al., 2004) and as the leading EOF mode for the shorter record (Trusenkova and Kaplunenko, 2013). It was explained by the steric effects due to the thermal forcing on the sea surface and from the transport of warm water in the KTS. One can see in Figure 2A that PCHF 1 is higher in summer and fall and lower in winter and spring.

For comparison, the seasonal cycles were extracted from both PC 1 and PCHF 1 by the band-pass filtrations, with the cut-off periods of 275 and 445 days; the corresponding timeseries are shown in Figure 4. To check statistical significance, estimated are an average seasonal range of PCHF 1 as 0.3 (Figure 4) and spatial loadings of the high-frequency mode as 2.2–2.6 cm (Figures 1C, E); therefore, the seasonal range of the intra-annual sea level fluctuations is equal to 0.6–0.7 cm, i.e. small but still above the data errors. It turned out that the seasonal cycle is the same for both PC 1 and PCHF 1, with the statistically significant correlation of 0.47 for the original timeseries shown in Figures 2A and 3A and the correlation of 0.95 for the band-pass filtered timeseries shown in Figure 4. The sea level is higher in summer and fall and it is lower in winter and spring, affecting high-frequency fluctuations.This matching means that the seasonal signal in PCHF 1 should be attributed to the thermal steric effects, modulating high-frequency fluctuations.




Figure 4 | The annual cycles of (blue line) PC 1, (cyan line) PCHF 1 and (green line) PCEKE 1 (dimensionless; left-hand side y axis) and that of (red line) EKE averaged in the entire JES (EKE0; cm2/s2; right-hand side y axis). The timeseries are band-pass filtered, with the cut-off periods of 275 and 445 days.



The WT spectrum of PC 1 (Figure 3B) also features weak long-term fluctuations, mostly on the QB timescale, and the strong decadal variability which was discussed by Trusenkova (2018).

The intra-annual sea level fluctuations represented by PCHF 1 are subjected to the strong interannual variability (Figure 2B). To emphasize this variability, periods were estimated for which the instantaneous power was the largest (Figure 2D). The periods of maximum intensity were frequently longer than 150 days, which happened in 1993–1994, late 1997, mid 1999, late 2008, 2014, and 2016. In other years the most intense fluctuations were more frequent on the timescales shorter than 150 days, such as in 1995, 2001–2006, 2010–2012, and 2015. There were also times when the maximum intensity shifted throughout the range from the shorter to longer periods or vice versa, which happened in 1997, 1998, early 2008, and 2009 (Figure 2D). In the time-averaged spectrum there is a broad statistically significant maximum between 70 and 200 days, with the largest power at the periods from 150 to 160 days (Figure 2C). However, Figures 2B, D do not show any preferable timescale in the intra-annual range, so the peak in the mean WT spectrum is a result of averaging. This kind of variability makes the Fourier spectra unsuitable for the analysis. Note that this is different from sea level variability in the coastal zone within the Primorye Current where the preferable timescales of 70–80 and 120–130 days were detected from tide gauge data (Trusenkova et al., 2021).

To further analyze interannual changes of intra-annual sea level fluctuations, the WT spectrum of PCHF 1 was integrated in the 70–250-day range and averaged (P70–250). Note that CMEMS provides daily SLA but the satellite repeat periods are about 10 days for the rarely spaced T/P – Jason tracks and 35 days for the denser spaced ERS – Envisat – Saral tracks (https://www.aviso.altimetry.fr/en/missions.html). This is why the Nyquist period was accepted as 70 days and was taken as the lower bound of the range. The P70–250 timeseries is shown in Figure 5A and its WT spectrum in Figure 5B.




Figure 5 | (A) The band-averaged power of the PCHF 1 (dimensionless) and (B) its WT spectrum. In (A) the horizontal line corresponds to the sum of median and mean deviation.



The power on the annual timescale is very small in the P70–250 spectrum in contrast with the PCHF 1 spectrum (comp. Figures 5B and 2B). Therefore, the intensity (differences between the highs and lows) of the intra-annual sea level fluctuations does not reveal any seasonal variation, confirming that the seasonal signal found in the PCHF 1 should be related to the steric effects. The strong maxima of P70–250, exceeding the sum of median (20.9) and mean deviation (20.0) shown in Figure 5A, were detected in 1993–1994, 1996, early 1997, mid 1998, late 1999, mid 2003, late 2007, mid 2009, late 2010, 2014, 2016, 2017, and early 2019 (Figure 5A). Accordingly, the WT spectrum of P70–250 reveals QB fluctuations, which were the strongest in 1995–1999 and 2013–2015, and the interannual variability on the timescales between 4 and 6 years (Figure 5B). The decadal variability seems also strong but the power on these timescales lies within COI and can only be considered later when the longer record is available.

One can expect that the high frequency KTS transport variations and, therefore, the intra-annual sea level fluctuations intensify in times when the transport itself is large and vice versa. In particular, P70–250 was low in 2004–2006 (Figure 5A) and the transport was extremely low in 2005 but it was just moderate in 2004 and 2006 (Fukudome et al., 2010; Yoon et al., 2016). In contrast, the transport was extremely large throughout 1999, while P70–250 was large in late 1999 only. No marked relationship between the transport and P70–250 was otherwise detected in 1997–2006, the period of the reported data (Fukudome et al., 2010; Yoon et al., 2016).

In order to put the long-term changes of the intra-annual SLA fluctuations in context of climate variability, several climate indices acting in the region around the JES are applied. They are the Southern Oscillation Index (SOI) representing the most intense climate cycle acting in the tropical Pacific (see the recent review by Wang et al., 2016) and also having the strong global impact (Serykh et al., 2019); the Arctic Oscillation Index (AOI), capturing switches between mid-latitude zonal and meridional atmospheric circulation (Thompson and Wallace, 2001); the Pacific Decadal Oscillation (PDO), an El Niño-like pattern with the strongest impact in the extratropical region (Mantua and Hare, 2002); the North Pacific Index (NPI) accounting for the intensity of the Aleutian Low (Trenberth and Hurrell, 1994); the Western Pacific Index (WPI) capturing variations in the Pacific (East Asian) jet steam (Wallace and Gutzler, 1981; Barnston and Livezey, 1987).

No clear linkages between P70–250 and SOI, AOI, NPI, or WPI were found. However, a relationship with PDO was detected and estimated qualitatively; to this end, the PDO index and P70–250 were low-pass filtered, with the cut-off period of 1.5 year. As seen from Figure 6 representing both timeseries, they were in-phase in 1993–1994 and from late 2007 to 2013 and out-of-phase from 1997 to 2002, while there was no specific relationship in other times. (These periods were short and the numbers of degrees of freedom were small, preventing from deriving statistically significant quantitative estimates.) Gordon and Giulivi (2004) found that the sea level in the JES rose during the negative PDO phases and declined during the positive phases; they explained this by the changes in Kuroshio intensity south of Japan and in its portion entering the JES through the KTS. However, the relationship of the intra-annual sea level fluctuations and KTS transport is inconclusive, as discussed above, and it is yet unclear how to explain their changing linkages with PDO.




Figure 6 | The low-pass filtered, with the cut-off period of 1.5 year, timeseries of (red line) P70–250 and (blue line) PDO index; the original PDO index is shown for comparison by light-blue line. The vertical grey dashed lines separate the times with different character of the relationship between PDO and P70–250.





Variability of Eddy Kinetic Energy

To analyze mesoscale processes in the northern JES, EKE northward of 41° N was expanded to EOFs. High-frequency signals were removed from EKE by filtering (see above); however, the satellite altimetry cannot resolve small and short-lived eddies which are frequent in the northern JES, while the decreased noise made it possible to derive a reasonable leading EKE mode, although accounting for merely a moderate fraction of the variance (20.5%; Table 1). The lower modes turned out to be undistinguishable and not interpretable.

The spatial pattern of the leading EKE mode shown in Figure 1G features the largest loadings along the northwestern and northeastern JES boundaries, i.e. within the Primorye Current and TWC, respectively. The loadings are also increased off Hokkaido within the path of the TWC western branch marked in Figure 1A. In contrast, the loadings are low in the central area to the south of 42–43° N, corresponding to the ‘eddy desert’ reported by Lee et al. (2019). However, numerous eddies were detected in this area from infrared satellite imagery (Takematsu et al., 1999; Lobanov et al., 2007; Trusenkova et al., 2009), which are too small to be captured by the altimetry data. The leading mode represents well temporal EKE variability in the northern JES, as demonstrated by the principal component (PCEKE 1) and EKE averaged in the northern JES (EKEN) which are shown in Figure 7A. The correlation between two timeseries is equal to 0.86 and it increases to 0.92 if EKEN is low-pass filtered, with the cut-off period of 15 weeks. This kind of temporal variability and the consistent spatial pattern justify this mode despite the moderate variance fraction accounted for.




Figure 7 | (A) (blue line) The principal component PCEKE 1 (dimensionless; left-hand side y axis) and (red line) EKE averaged in the northern JES (EKEN; cm2/s2; right-hand side y axis) and (B) WT spectrum of PCEKE 1.



EKE in the northern JES reveals a clear seasonal signal, although its amplitude considerably varies throughout the record, as demonstrated by the PCEKE 1 timeseries (Figure 7A). The WT spectrum of PCEKE 1 is shown in Figure 7B and it features statistically significant maxima between 300 and 450 days, corresponding to the annual timescale, keeping in mind that the DOG mother wavelet provides only moderate resolution in the frequency domain. As the range of the PCEKE 1 seasonal variation is equal to 1.5–2 and the spatial loadings within the mode maxima are equal to 8–12 cm2/s2, the seasonal signal related to the first mode can be estimated as 12–24 cm2/s2, which is close to that of EKEN (Figure 7A). The same seasonal signal is typical of EKE averaged in the entire JES (EKE0) shown in Figure 8A. EKE increases in summer and fall and decreases in winter and spring, with the seasonal extremes in October/November and March/April, respectively. The correlation between EKE0 and EKEN is equal to 0.66 and to 0.88 for the timeseries band-pass filtered around the annual timescale; the latter are shown in Figure 4. The matching EKE in the northern and entire JES is not a priori evident, as the latter is an order of magnitude larger than the former (Figure 1B) and, therefore, actually represents EKE in the southern JES (EKES; Figure 8A), with the correlation of 0.99 between EKE0 and EKES.




Figure 8 | (A) (black line) EKE (cm2/s2) averaged in the entire JES (EKE0) and (blue line) in the southern JES (EKE0) and (B) WT spectrum of EKE0 (cm4/s4).



Thus, the seasonal cycles of PCHF 1, PC 1, PCEKE 1 and EKE0 match each other, with the pair correlations between the band-bass filtered timeseries of 0.89–0.95 (Figure 4). Moreover, they match the seasonal variation of the mean currents in the JES, strengthening in summer and fall and slackening in winter and spring, with the seasonal extremes in October and March, respectively (Trusenkova and Kaplunenko, 2013). Therefore, the spatial pattern and annual cycle of the leading EKE mode indicate that mesoscale processes are generated by instability of the mean currents.

In contrast to the annual cycle, the longer scale variability differs for EKE in the northern and entire (southern) JES; this is clearly seen in the WT spectra shown in Figures 7B, 8B, respectively. PCEKE 1 features variability on the 3–5-year timescale from 1997 through 2005 and from 2010 through 2017 (out of COI), while the interannual variability was low from 2006 through 2009 when the seasonal signal was also weak. Accordingly, decadal variability manifests itself in the WT spectrum, being out of COI from 2001 through 2011 (Figure 7B). EKE0 mostly representing the southern JES reveals QB variability from 1995 through 1998, 5–8-year variability from 2002 through 2009, and 3–5-year variability from 2010 through 2016 (out of COI; Figure 8B). This is also quite different of interannual variability of the intra-seasonal sea level fluctuations (P70–250). A remarkable exception is late 2013 when both EKEN and EKES showed very strong maxima. An attempt to look for linkages with the climate indices, such as and SOI, AOI, NPI, WPI and PDO index, turned out ineffective.




Conclusion

Intra-annual sea level fluctuations and variability of mesoscale processes were studied in the northern JES (northward of 41° N), using data from satellite altimetry for 1993–2020. Decomposition to EOFs was performed of both high-pass filtered, with the cut-off period of 250 days, and original SLA. In both cases, the leading modes capture fluctuations which are simultaneous in the entire sea. The leading SLA modes for both high-pass filtered and original SLA in the northern JES are the counterparts to those in the entire sea, with the matching spatial patterns and temporal variability. Actually, simultaneous sea level fluctuations were already found, with the prevailing periods of 80, 100 and 150 days (Choi et al., 2004) and on variety of timescales from the intra-annual to decadal ones (Trusenkova and Kaplunenko, 2013; Trusenkova, 2018). However, the present analysis made it possible to reveal new features, as summarized below.

It is newly found that the simultaneous intra-annual SLA occur in the entire range from 50 to 250 days, without any preferable timescale. The seasonal signal is newly found in the intra-annual SLA, which matches that in the original SLA. Note that that the sea level in the JES rises or declines from spring to fall or from fall to spring, respectively, with the seasonal extremes in October/November and March/April, respectively, due to the steric effects caused by the thermal forcing at the sea surface and from the warm water inflow in the KTS (Choi et al., 2004; Trusenkova and Kaplunenko, 2013). The seasonal variation is the same for the simultaneous intra-annual fluctuations, with the short-term SLA larger in summer and fall and smaller in winter and spring. However, the intensity of these fluctuations (differences between the highs and lows) is not subjected to any seasonal variation.

As the leading SLA mode covering the major fraction of the variance captures the simultaneous fluctuations, an analysis of mesoscale processes in the northern JES is based on EKE computed from the altimetry data and expanded to EOFs. The leading EKE mode captures mesoscale variability within the Primorye Current in the northwestern JES and TWC in the northeastern JES. Although this mode accounts for only a moderate fraction of the total variance, it is justified by the consistent spatial pattern and by the temporal variability matching that of EKE averaged over the northern JES. The seasonal EKE signal in the northern JES matches that of EKE in the entire JES which actually represents EKE in the southern JES where it is an order of magnitude larger than in the northern sea. The seasonal EKE signal also matches that of sea level fluctuations which are simultaneous in the entire JES and that of the circulation intensity, the latter being in line with the EKE generation due to current instability.

Both intra-annual simultaneous SLA and EKE representing mesoscale processes manifest rich variability on QB, interannual and decadal timescales. However, in contrast with the seasonal signal, the low-frequency SLA variability does not match that of EKE in the northern or southern JES. However, it is remarkable that in 2013 EKE was extremely large in both northern and southern JES. This implies different forcings on the low-frequency timescales. The low-frequency EKE variability can be forced either by local winds or indirectly by winds from outside the JES through their impact on the KTS transport affecting eddy generation in the southern sea. Accordingly, the long-term wind variability can differ in different areas, resulting in the mismatching low-frequency variations of sea level and mesoscale processes in the northern and southern JES. As can be judged from the published data (Fukudome et al., 2010; Yoon et al., 2016), the relationship of intra-annual simultaneous SLA with the KTS transport interannual variation is inconclusive. The intra-annual simultaneous SLA reveal changing relationship with Pacific Decadal Oscillation (PDO): both were in-phase in 1993–1994 and from late 2007 to 2013 and out-of-phase from 1997 to 2002, while there was no specific relationship in other times.
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