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The East/Japan Sea (EJS), a marginal sea of the Northwestern Pacific, is one of the ocean regions
showing the most rapid warming and greatest increases in ocean heatwaves over the last several
decades. Predictability and skillful prediction of the summer season EJS variability are crucial, given
the increasing severity of ocean temperature events impacting fisheries and reinforcing climate
conditions like the East Asian rainy season, which in turn affects adjacent high-population density
areas over East Asia. We use observations and the Geophysical Fluid Dynamics Laboratory (GFDL)
Seamless System for Prediction and Earth System Research (SPEAR) seasonal forecast system to
investigate the summertimeEJSSeaSurfaceTemperature (SST) predictability andprediction skill. The
observations and seasonal prediction system show that the summer season EJS SST can be closely
linked to the previous winter air-sea coupling and predictable 8–9 months in advance. The SPEAR
seasonal prediction system demonstrates skillful forecast of EJS SST events from summer to late fall,
with added skill for long-lead forecasts initialized inwinter.We find thatwinter large-scale atmospheric
circulations linked to Barents Sea variability can induce persistent surface wind anomalies and
corresponding northward Ekman heat transport over the East China Sea. The ocean advection
anomalies that enter the EJS in prior seasons appear to play a role in developing anomalous SST
during summer, along with instantaneous atmospheric forcing, as the source of long-lead
predictability. Our findings provide potential applications of large-scale ocean-atmosphere
interactions in understanding and predicting seasonal variability of East Asian marginal seas.

The summer of 2023 is reported as the world’s warmest since global records
began in late 18001. During July-September 2023, theNorthernHemisphere
sea surface temperature (SST) field exhibited large warm anomalies
spreading over broad regions of the Pacific and Atlantic Oceans with the
developing warm phase of the El Niño-Southern Oscillation (ENSO) over
the tropical Pacific (Fig. 1a). The Northwestern Pacific, which is adjacent to
countries of large populations over East Asia, is one of the regions that
experienced record-warmth in the summer of 20232. In particular, the East/
Japan Sea (blue box in Fig. 1b), a marginal sea surrounded by the Korean
Peninsula, Russia, and Japanese islands over the Northwestern Pacific,
shows that the region has experienced consecutive record highs in recent
years (i.e., 2021 to 2023; Fig. 1c). The linear trends of summer season SST

over the East/Japan sea (hereafter, EJS; 35°-45°N, 127°-142°E) exhibit
exceptionally rapid warming rates compared to that of global SST3–12 as well
as prominent seasonal SST variations (Fig. 1d). The strong seasonality and
oceanwarming of EJS SST variability can lead tomore pronounced episodes
linked to regional phenomena, such as the East Asian rainy season and heat
extremes during summer, by providing heat and moisture to adjacent
continents. Therefore, it is crucial to understand the underlying mechan-
isms and predictability of summer EJS SST variability and to assess and
improve its prediction skills.

EJS ocean temperature events, including Marine Heatwaves
(MHWs)13,14 have received increasing attention due to their strong seasonal
characteristics4,5,9,15 as well as increasing intensity andmore frequentMHW
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events in awarmingclimate4,10,12.Wanget al.10 havedocumented that theEJS
MHW events show varying spatial distributions of warm anomalies
depending on seasons. Specifically, in the cold season (e.g., winter to spring),
EJSMHWs are especially prominent over the northwestern part of the EJS,
while the summer seasonMHWs showhomogeneouswarmingof the entire
EJS. Focusing on the winter season EJS SST events, Song et al.15 use obser-
vations and reanalysis products and show that the wintertime MHW epi-
sodes over the northwestern EJS can bemodulated bywind stress anomalies
associated with Artic Oscillation through ocean dynamic adjustment pro-
cesses. Supportingly, Choi et al.9 have suggested that the winter EJS MHW
events might be largely governed by regional oceanic processes, such as a
northward shift of the subpolar front over the Northwestern Pacific.

Meanwhile, many studies4,7,9,10,16,17 have focused on the role of local and
remote atmospheric forcing in driving summertime EJS MHWs. The recent
findings show that an anomalous high-pressure atmospheric circulation,
which indicates reduced cloud amount and increased solar radiation, is the
most dominant driver of the summer seasonEJSwarmSSTevents9,10,17. In the
context of large-scale climate variability, Lee et al.16 highlight the impacts of
ENSO phase transitions and the subtropical convective forcing (e.g., Pacific
-Japan pattern) in two dominant modes of summer East Asian MHWs. Oh
et al. 7 suggest the role of subtropical remote forcing in enhancing summer
season EJS MHWs via persistent anticyclonic circulation with downward
shortwave radiation and related oceanic responses. Another recent study
points out that the longer duration and stronger intensity of summerMHWs
over the EastAsianmarginal seas can be significantly attributed to changes in
basin-scale ocean circulations (e.g., a northward shift of theEastKoreaWarm
Current) and rapidly increasing mean SST4.

Given the suggested links to remote forcing7,10 and the significant
duration of summer EJS SST anomalies that may lead to its predictable

variability, the present study aims to identify the potential sourceof summer
EJS SST predictability and assess related forecast skills in the current sea-
sonal forecast system. To explore physical mechanisms of summer EJS SST
events and associated predictability and prediction skill, we use observa-
tions/reanalysis and Geophysical Fluid Dynamics Laboratory (GFDL)
coupled climate modeling and prediction systems of SPEAR18 (Seamless
system for Prediction and EArth system Research; see method for more
details). In this study, we discuss potential connections between the seasonal
EJS SST and large-scale air-sea coupled processes, as well as examine stra-
tegic improvements and limitations in summer season EJS SST prediction.

Results
Seasonal EJS SST anomalies and their linkages to large-scale
patterns
Consistent with previous findings9,10, we first confirm a distinct spatial
structure of the EJS SST variability between summer (July-August-Sep-
tember, JAS) and winter (December-January-February, DJF) seasons in
Fig. 2. The JAS EJS SST (Fig. 2a) exhibits the overall warming over the
majority of the EJS basin, whereas that of DJF EST SST (Fig. 2d) shows the
SST signature confined to the local area, which is characterized by peak SST
signals over the East Korean Bay. It is notable that both seasons’ EJS SST
patterns include large-scale anomalous SST over the North Pacific (Fig. 2b,
e). While previous studies address potential impacts of the tropical Pacific
(e.g., ENSO) in the East Asian marginal seas16, Fig. 2b and e reveal that the
sole EJS variabilitymight not be significantly associatedwith tropical Pacific
SST anomalies in both summer and winter seasons. Supportingly,
Fig. 2c and f indicate that the seasonal EJS SST variability is statistically
independent of ENSO, exhibiting no significant correlations, where the
Nino3.4 [5°S-5°N, 170°-120°E] SST anomalies lead the summer EJS SST

Fig. 1 | Seasonal Sea Surface Temperature (SST) variability and warming trends
over the East/Japan Sea from the historical period. a 2023 Summer season (July-
August-September) SST anomaly pattern, where the base period between
1971–2000 is used. b Zoomed-in section of (a), showing the East Asian Marginal
seas, including the East/Japan Sea (EJS). The blue box denotes the region defined as
the EJS region [35°-45°N, 127°-142°E] in the present study. cTemporal variations of
the summer season EJS SST from the ERA5 (black) and OISST (red) data. d Linear

trends of seasonal SST anomalies averaged over the EJS (red bars) and global ocean
(gray bars) and the variance of seasonal EJS SST anomalies (blue rectangles) using
OISST (1982–2023). The left and right axis for trend and standard deviation,
respectively. The long-term linear trend and climatological annual cycle are
removed from each grid point when computing the standard deviation of seasonal
EJS SST anomalies (blue rectangles).
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anomalies. The marginally significant correlations are only found when the
EJS warm events lead the cold Nino3.4 SST anomalies (e.g., La Niña) by
~5–6months (red rectangles in Fig. 2c). The correlation analyses imply that
theEJS SSTvariabilitymightnotnecessarily bedrivenbyENSObut couldbe
associated with initial conditions of development of tropical SST anomalies.

Prediction skill for seasonal EJS SST anomalies
Using the SPEAR seasonal forecast system, we show the potential
predictability and skillful prediction of seasonal EJS SST anomalies
(Fig. 3). Seasonal EJS SST forecasts exhibit significant anomaly cor-
relation coefficient (ACC) skill for lead times up to 9 months when
they target forecast spring to late fall (Fig. 3a). With the exception of
boreal winter (i.e., November-December-January to February-March-
April), most seasonal forecasts yield significant prediction skills
above persistence skill for 7 months or more (blue triangles in
Fig. 3a). While both the internal and external forcing components
(i.e., linear SST trend) contribute to seasonal prediction skill in the
summer season EJS SST (Fig. 3b), without external forcing (black
line), long lead (>8 months) forecasts initialized in winter (e.g.,
December-January-February, DJF) can provide added forecast skill
(blue triangles in the black line in Fig. 3b). Specifically, the forecast
skills drop quickly and show no significant skill above persistence for
lead times up to 7 months, but the ACC skill is significantly higher
when the forecasts are initialized in winter (8–9-month lead times).
The 1-month lead (Fig. 3c) forecast confirms its successful detection
of interannual variability of JAS EJS SST anomalies (R = 0.95,
p < 0.01). The 8-month lead forecast (Fig. 3d) that is initialized in
DJF-1 (i.e., the mean of forecasts initialized in December, January,
and February) also shows a significant correlation (R = 0.46, p < 0.05),
where the forecasted SST anomalies reveal low-frequency

fluctuations. Given the consistent skillful prediction of forecasts
initialized in the winter seasons (blue triangles in the black line in
Fig. 3b), we hypothesize that dynamical processes from the previous
winter may serve as a source of predictability for the summer season
EJS SST.

Prolonged air-sea coupled anomalies linked to summer EJSSST
Toexplore previouswinter conditions that favor the development of summer
EJS SST events, we examine seasonal evolutions of oceanic and atmospheric
anomalies associated with the JAS EJS SST. In Fig. 4, we present seasonal
correlationmapsof JASEJS SST time serieswith lags (1-6months),where the
reduced significance level (e.g., at the 10% level) is used to indicate potential
sources of summer EJS SST predictability. As recent studies9,17 indicated,
during summer, a strong atmospheric high-pressure system over the
Northwestern Pacific (Fig. 4a) is accompanied by anomalous warm EJS SST
(Fig. 4b). Figure 4a describes not only the increase in summer EJS solar
radiation but also the possible engagement between the anticyclonic circu-
lation andwave propagations over theNorthwestern Pacific in prior seasons.
The regional atmospheric anomalies appear to be an evident driver of
summer EJS SST events, where the climatological winds are weak, and the
mixed layer depth is relatively shallow. However, we note that the seasonal
progression of those local atmospheric anomalies shows limited memories
and short persistence confined to the summer. The lack of significant
atmospheric anomalies over the EJS in prior seasons (i.e., April-May-June,
AMJ in Fig. 4a) indicates that while the local atmospheric driver is the
dominant contributor of anomalous EJS SST, it cannot be the source of long-
lead predictability that yields significant prediction skills in the dynamical
forecast system (Fig. 3b).

On the otherhand,we focus on the development of summertime (July-
August-September, JAS) EJS SST with a notable seasonal SST progression

Fig. 2 | Seasonality of EJS SST variability and its relation with tropical
Pacific SST. a Summer season (JAS) SST anomalies regressed on the leading prin-
cipal component (PC1) of JAS EJS SST variability from EOF analysis. Blue box
denotes the EJS region used in EOF analysis. b Zoomed-out version of (a), showing
the North and tropical Pacific SST anomalies associated with JAS EJS SST PC1. The
Niño-3.4 region [5°S-5°N, 170°-120°E] is denoted as a red box. c Correlation coef-
ficient between JAS EJS SSTPC1 and seasonalNino34 SST timeseries (area-averaged

SST anomalies over the Nino34 region). Red triangles indicate statistically sig-
nificant skill at the 5% level based on a two-sided t-test using an adjusted degrees of
freedom (see Methods). d–f Same as (a–c), but for winter season (DJF) SST. In (b)
and (e), plus signs indicate regression coefficients that are statistically significant at
the 5% level based on a two-sided t-test for which the temporal degrees of freedom
are adjusted for autocorrelation (see Methods).
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(Fig. 4b), where the warm SST anomalies gradually evolve from lower
latitudes toward the north across the seasons. The significant seasonal SST
migration suggests that the summer EJS SST might not purely result from
the abrupt heat gained by local solar radiation butmay be affected by lateral
ocean heat advection. To confirm this, we continue to show seasonal pro-
gressions of surface wind and meridional Ekman transport anomalies. In
Fig. 4c, d, the significant wind (Fig. 4c) and northward Ekman transport
(Fig. 4d) anomalies are persistent over the East China Sea fromwinter (DJF-
1) to the following summer (JJA). We suggest that northward advection
driven by the anomalous easterlies over the East China Sea can be closely
associated with the significant SST anomalies traveling from the lower
latitude toward the EJS region. The persistence of the surface wind
anomalies over the severalmonths indicates that those localwind anomalies
might not be a stochastic forcing but could be linked to large-scale climate
variability. In the next section, we explore the connection between the
summer EJS SST and large-scale climate variability on seasonal time scales.

Seasonal covariability betweenEJSSSTand global surfacewind
anomalies
To identify climate components that maximize the covariance and related
predictability between the EJS and global atmospheric fields, we conduct a
singular value decomposition (SVD; seeMethods formore details) analysis.
Given the potential role of previous winter oceanic and atmospheric

conditions (Figs. 3d and 4), we use previous winter (NDJ-1) global surface
wind speed anomalies and summer (JAS) EJS SST to compute the SVD (Fig.
5a)19. Using DJF-1 or NDJ-1 wind speed anomalies for the SVD analysis
reveals no significant differences (not shown), so we use NDJ-1 winds to
detect longer-lead predictability. To suppress ENSO impacts, although they
might be negligible (Fig. 2), we compute SVD analysis after applying and
removing linear regressions onto the concurrent and lagged (1–3 month)
tropical Pacific SST variations, such as Nino3 [5°S-5°N, 150°-90°E] and
Nino4 [5°S-5°N, 190°-150°E] SST time series, from the anomaly fields used
in SVD analysis (Fig. 5).

We first show that the leading SST expansion coefficient (EJS SST
SVD1) is found to be almost identical with the area-averaged EJS SST
anomaly timeseries (R = 0.99; black and red lines in Fig. 5b), confirming that
the first SVD mode successfully captures the most dominant summer EJS
SST variability.Note that the two expansion coefficients for the leading SVD
mode exhibit an exceptionally significant correlation (R = 0.83, p < 0.001;
compare red andblue lines in Fig. 5b). The strong covariability appears to be
attributed to both the interannual and multi-decadal time scales shown in
the expansion coefficient timeseries. A squared covariance fraction (27%)
explained by the first SVD mode indicates that a robust linear relationship
exists between the summer EJS SST and the previous winter wind field.

Next, we consider the SVD1 global wind speed (NDJ-1) as a potential
precursor of the summertime EJS SST and show associated SST and

Fig. 3 | Skill of EJS SST predictions in GFDL SPEAR seasonal forecast system.
a SST skill, where SST is linearly detrended, for the 15-member-ensemble SPEAR
seasonal forecast, where seasons being predicted (target seasons) are on the x-axis,
lead time months are on the y-axis, and anomaly correlation coefficients (ACC) of
EJS SST are in color. Dots indicate statistically significant skill at the 5% level based
on a two-sided t-test using adjusted degrees of freedom. Blue triangles denote sig-
nificant skill above persistence (95% confidence level). b Anomaly Correlation

Coefficient (ACC) skill for the summer season (JAS) EJS SST forecasts with (gray
line) and without (black line) the linear SST trend as a function of forecast lead
months. Dots and blue triangles are the same as (a). Comparisons of the observed
and forecasted time series of the summer season (JAS) EJS SST anomalies. Forecasts
initialized in JAS at 1-month lead time (c) and DJF (-1) at 8-month lead time (d)
are shown.
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atmospheric anomalies in Fig. 5c–j. The left and right columns exhibit the
prior winter and following summer anomalies, respectively, that are
regressed onto the SVD1 wind speed time series (blue line in Fig. 5b). The
prior winter SST pattern (Fig. 5c) shows that the anomalous warm
anomalies are characterized by the enhanced warming of the subtropical
gyre over both the North Pacific and the North Atlantic. Winter wind
patterns (Fig. 5d, e) show strong basin-scale easterlies over the subtropical
andwestern Pacific and,most importantly, include the East China Sea wind
anomalies (green box in Fig. 5d). The time evolutions of previous winter
East China Sea wind anomalies exhibit a significant covariability with the
summertime EJS SST anomalies (R = 0.52; black and green lines in Fig. 5b)
as well as SVD1 wind speed time series (R = 0.55; blue and green lines in
Fig. 5b), especially for the recent period. The previous winter East China Sea
easterlies (green box in Fig. 5d) appear to be a part of the large-scale wind
climate mode and serve as a physical agent conveying impacts of the wind-
induced oceanic anomalies towards the EJS region. The mid-tropospheric
atmosphere (Fig. 5f) indicates considerably significant high-pressure
anomalies over the high-latitude, especially over the Barents Sea region,
accompanied by signatures of the mid-latitude wave. Given the suggested
connection between the prolonged East China Sea wind anomalies and the
large-scale climate mode, we further examine the related impacts of
anomalous circulations over the Barents Sea in the next section.

Investigation on winter large-scale atmospheric forcing of sum-
mer EJS SST
In this study,wepropose thepotential role ofwinterBarents Sea atmosphere
variability (Fig. 6a) in contributing to the long-lived easterly and northward

EkmanOcean heat transport anomalies over the East China Sea (Fig. 4b–d).
In Fig. 6b, we describe similar temporal variations between the Barents Sea
geopotential height (green) and SVD1 global wind speed anomalies (blue).
During winter (e.g., NDJ and DJF in Fig. 6c and d), the strong anticyclonic
and cyclonic circulation anomalies over the Barents Sea andNortheastAsia,
respectively, are consistently shown, which appear to be linked to the mid-
latitude atmospheric anomalies between 20o–40oN. From late winter to
spring (e.g., JFM+ 1 to MAM+ 1 in Fig. 6c, d), those zonally extended
high-pressure anomalies are enhanced and shifted toward the pole, espe-
cially over the North Pacific Ocean. After spring (e.g., MJJ+ 1 to JJA+ 1 in
Fig. 6c, d), the mid-latitude high-pressure anomalies are found to persist.
The notable difference is that the SVD1 global wind speed (e.g., JJA+ 1 in
Fig. 6c) captures the much stronger magnitude of anticyclonic circulations
over the EJS compared to that of Barents Sea atmospheric variability (e.g.,
JJA+ 1 in Fig. 6d).We attribute this difference to themaximized covariance
captured in SVD analysis that extracts both signals of the summer EJS SST
variability and its related atmospheric forcing.

The mid-latitude atmospheric anomalies shown in Fig. 6 appear
to be associated with large-scale air-sea interactions over the
Northwestern Pacific. Both correlation maps of 10 m wind speed
SVD1 (Fig. 7a) and Barents Sea High (Fig. 7c) exhibit the prolonged
surface wind speed anomalies over the East China Sea from NDJ to
MAM+ 1. In response to surface wind anomalies, the poleward
Ekman transport is found, where the location of ocean gyre warming
is moved across the seasons over the North Pacific (Fig. 7b and d).
Note that the northward migration of warm SST along the western
boundary (e.g., Kuroshio) from winter to the following summer

Fig. 4 | Spatial patterns of the summer season (JAS) EJS SST variability.
a–d Seasonal progression of oceanic and atmospheric anomalies associated with JAS
EJS SST from the previous winter (DJF-1, left) to summer (JJA, right). Correlation
maps between seasonal 500 hPa geopotential height (a), SST (b), 925 hPa zonal wind
(c), and meridional Ekman transport (d) anomalies and the summer season (JAS)

EJS SST time series. Black contours denote where the correlation coefficients are
statistically significant at the 10% level based on a two-sided t-test using an adjusted
degrees of freedom.
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Fig. 5 | Singular vector decomposition (SVD) analysis to identify linkages
between the summertime EJS SST and large-scale atmospheric anomalies during
the prior winter. aThemap to show the regions used in SVD analysis. SVD analysis
is conducted where linear regressions onto the ENSO signals (i.e., Niño3 SST
[5oS-5oN, 150o-90oE] & Niño4 SST [5°S-5°N, 190°-150°E]) are applied and removed
from all anomaly fields. Summer (JAS) season SST anomalies over the EJS (red box)
andpriorwinter (NDJ-1) global 10 mwind speed anomalies (blue boxes) are used for
SVD computation. The squared covariance fraction of the leading SVD mode is
given at the top of the panel. b Time series associated with summertime EJS SST
variability.Normalized time series of JAS EJS SST anomalies (black), SVD expansion

coefficients for SST (red) and wind speed (blue) of the leading SVD mode, and DJF
(-1) ECS 10 m zonal easterly anomalies (green) are shown. Values shown in the
bottom right indicate the correlation coefficient between a pair of time series.
c–f Correlation maps between the expansion coefficient time series of NDJ (-1)
global wind speed (blue line in b) and prior winter (NDJ-1) SST (c), 10 mwind speed
(d), 10 m zonal wind (e), and 500 hPa geopotential height (f) anomaly fields.
g–j Same as c–f but for summer (JAS) anomaly fields. In c–h, Black contours denote
where the correlation coefficients are statistically significant at the 5% level based on
a two-sided t-test using an adjusted degrees of freedom.
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Fig. 6 | Potential source of long-lead predictability of summer EJS SST variability.
aWinter (NDJ) Barents SeaHigh pattern computed as regression coefficients ofNDJ
500 hPa geopotential height (Z500) anomaly field with the NDJ Barents Sea Z500
time series, where the time series is computed as area-averaged Z500 anomalies of
NDJ Barents Sea ([20°-60°E, 65°-80°N], green box). b Comparison of time series
betweenNDJ 10 mwind speed SVD1 (blue line) andBarents SeaHigh (green) for the

period between 1960 and 2022. c Seasonal progressions of 500 hPa geopotential
height anomalies correlated to the expansion coefficient time series for NDJ global
wind speed leading SVD mode (c) and NDJ Barents Sea Z500 time series (d). In
(c, d), black contours denote where the correlation coefficients are statistically sig-
nificant at the 5% level based on a two-sided t-test using an adjusted degrees of
freedom.
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(Fig. 7b and d) is highly consistent with the SST progression of
summer EJS SST described in Fig. 4b.

To support theproposedphysical linkagebetween the summerEJS SST
progression and regional/global wind forcing, Fig. 8 shows the similar SST
progressions reconstructed by the winter East China Sea surface easterlies
(green line in Fig. 5b) and the SVD1global wind speed expansion coefficient
(blue line in Fig. 5b). All the seasonal SST progressions (Figs. 4b and 8a, b)
indicate that the subtropical warm anomaliesmove toward themid-latitude
along the western boundary, entering and affecting the EJS during spring
seasons. A similar northward migration of warmwater is also confirmed in
the SPEAR seasonal forecast system (Fig. 8c). Compared to other pro-
gression maps (Fig. 8a, b), Fig. 8c reveals the less deterministic and slower
ocean advection, especially over the Korea strait (yellow box) during spring
(MJJ+ 1) to summer (JAS+ 1), implying that a relatively coarse ocean
resolution (e.g., 100 km) of the dynamical forecasts might not be enough to
resolve the realistic ocean propagation. However, the initial significant
warm anomalies sitting over the East China Sea during DJF-1 and the
northward propagation along the western boundary across the seasons
support our hypothesis that the oceanic driver may play a role in providing
the long-lead predictability of summertime EJS SST. In Fig. 8d, the positive
sea surface height (SSH) anomalies, indicative of increased ocean heat
content, also reveal that the northward oceanic horizontal heat advection
could contribute to an increasedmean SST state that can enhance and favor
the summertime EJS SST warm events. Both observations and the seasonal
forecast system support our hypothesis that the wind-induced Ekman
transport over the East China Sea can yield long-lead predictability of
summer EJS SST events.

Seasonal evolutions of EJS Marine heatwave events in
summer 2021
While the atmospheric forcing, such as an atmospheric ridge (e.g., antic-
yclonic circulations)7,10, has been described as the dominant driver causing
the significant amplitude of summer EJS warm SST anomalies (also
MHWs)17, our findings reveal that the air-sea couplings in prior seasons can
be also important in understanding and predicting the summer EJS SST
events. For example, the long-lived ocean temperature anomalies during
spring and previous winter can contribute to summer EJS SST events by
affecting the SSTmean state. To hint at seasonal physical drivers of EJS SST
anomalies, we present a heat budget analysis of the upper-ocean of 2021 EJS
SST in Fig. 9, which was one of the record-breaking MHW events in the
historical record17. The budget equation is derived from the mixed-layer
temperature (MLT) equation (see Methods for more details) with a time-
varyingmixed-layer depth (MLD). In Fig. 9a, the 2021 July EJSMHWevent
is developed through prolonged and persistent warm anomalies since April
(positive MLT tendency, dT/dt > 0: black line), where the area-averaged
daily temperature (dT/dt) increases are frequently higher than mean cli-
matological variations (gray shading). As described in previous
findings4,7,10,17, the downward heat flux (Q; orange line in Fig. 9a) is themost
dominant term in driving MLT tendency during summer (e.g., June and
July). Supportingly, Fig. 9b reveals that the spatial structures of summer (e.g.,
June, July)MLT tendency are significantly explained byheatflux terms. The
EJS MLT tendency during spring (e.g., March to May), however, can be
largely contributed by ocean mixing (MIX) or advection (HADV). We
especially note that March MLT tendency seems to be determined by the
horizontal advection term (HADV). The significantly prolonged EJS SST

Fig. 7 | Persistence of surface wind anomalies over the East China Sea and
associated oceanic response. a, b Seasonal progressions of 10 mwind speed (a) and
SST anomalies correlated to the expansion coefficient time series of NDJ global wind
speed leading SVDmode. c, d Same as (a, b) but for the NDJ Barents Sea Z500 time

series (green line in Fig. 6b). In a–d, black contours denote where the correlation
coefficients are statistically significant at the 5% level based on a two-sided t-test
using an adjusted degrees of freedom.
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warm anomalies since April (Fig. 9a) indicate that summer MHW events
can be affected by prior seasons’ ocean mean state, through oceanic
advection anomalies.

Predictability of summer EJS SST
Finally, we show that both the atmospheric and oceanic drivers can
significantly affect and help predict the summertime EJS SST (Fig.
10). The June-July-August (JJA) shortwave solar radiation (Fig. 10a)
over the EJS region (Fig. 10b) shows a significant correlation with the
JAS EJS SST (R = 0.65, p < 0.01); however, it is notable that the recent
heat flux variability cannot explain the latest record-highs of the EJS

SST (i.e., 2021-2023 in Fig. 10a). For the recent decades, we find that
the northward surface seawater velocity (Fig. 10c) over the Korean
Strait (black box in Fig. 10d) can significantly contribute to the JAS
EJS SST (R = 0.53, p < 0.05) at three months prior to the summer EJS
SST events. The significant contribution of the northward sea water
velocity to the summer EJS SST is in great agreement with the results
from the present study. Given that the independent relationship
between solar radiation and ocean velocity temporal evolutions is
found (R = 0.07), we highlight the benefit of using both atmospheric
and oceanic drivers to predict the summertime EJS SST. Using a
multiple linear regression model, we reconstruct the summer season

Fig. 8 | Predictability of summer season (JAS) EJS SST variability. aMaps of
correlation coefficients between lagged seasonal SST anomalies and the DJF-1 East
China Sea easterly anomaly timeseries (green line in Fig. 5b). b Same as a butwith the
expansion coefficient time series for NDJ (-1) global wind speed leading SVDmode
(blue line in Fig. 5b). c Same as a but of SST forecasts initialized by DJF. The yellow
box in the rightmost panel denotes the Korea strait, which is a sea passage between

Korean and Japan. dMaps of correlation coefficients between the SST (top) SSH
(bottom) anomalies and the NDJ (−1) global wind speed leading SVD mode (blue
line in Fig. 5b). Black contours denote where the correlation coefficients are statis-
tically significant at the 10% level based on the adjusted degrees of freedom and a
two-tailed Student’s t-test.
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Fig. 9 |Mixed layer budget estimated for 2021 EJS in observations. aBudget terms
(oC/day) of EJS, including mixed layer temperature tendency (dT/dt, black), long-
term dT/dt variability represented as 1.5 standard deviations for the period
1950–2022 (shading), total surface heat flux (Q, red), ocean mixing (MIX, blue) and

advection, (ADV, green), the sum of budget terms (Q+MIX+ADV, red), and the
residual (Residue, dashed gray). All time series are area-weighted averaged using
daily ocean temperature for the EJS. b Spatial maps of monthly averages of each
budget term, which are shown in for July, June, May, April, and March.
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EJS SST timeseries based on those physical drivers and the summer
season EJS SST trend (1.06 °C/decade) and compare it with the
observed timeseries in Fig. 10e. The JJA EJS solar radiation, AMJ
northward sea water velocity, and JAS EJS SST trend are used with
the computed regression coefficients shown in Fig. 10e. We find that
the reconstructed index explains the considerable variance of the

summer season EJS SST variability (R = 0.85, p < 0.001), and the
related SST anomaly pattern (Fig. 10f) has a great similarity to the
summer EJS SST pattern shown in Fig. 2a. Without the linear SST
trend component, the predictor based on the JJA EJS solar radiation
and AMJ northward sea water velocity shows the improved corre-
lation skill (R = 0.75, p < 0.001; not shown), indicating that the

Fig. 10 | Contributions of atmospheric and oceanic anomalies on the EJS SST
variability. a Timeseries of area-averaged June-July-August (JJA) shortwave solar
radiation flux (W/m2; black) and July-August-September (JAS) SST (°C; red) over
the EJS. b The correlation map of JJA shortwave solar radiation flux field and the
timeseries of the black line in a. c, d Same as (a, b) but for area-averaged April-May-
June northward surface sea water velocity field (m/s). The black box in (d) denotes
the Korea strait region [32°-35.5°N & 126°-130°E]. e Observed (°C; red) and

reconstructed (°C; black) summer seasonEJS SST timeseries based onmultiple linear
regression with suggested predictors. In reconstruction, black lines in (a) and (c) and
JAS EJS SST trend (1.06°C/decade) are used. The computed corresponding linear
regression values are 0.09, 52, and 0.19 for the atmospheric, oceanic, and warming
component, respectively. fThe correlationmap of JAS SST field and the timeseries of
the black line in (e).
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oceanic anomalies can provide added forecast skill for the summer-
time EJS SST along with the atmospheric component.

Discussion
The present study investigates prediction skills and the related source
of predictability for the summer season EJS SST variability. A close
examination of the development of summertime EJS SST anomalies,
using correlation maps, SVD analysis, and budget analysis, indicates
that a significant linear covariance exists between the summer (JAS)
EJS SST and global atmospheric anomalies during the previous
winter (e.g., NDJ-1 or DJF-1). Specifically, winter large-scale atmo-
spheric circulations linked to Barents Sea atmospheric variability are
found to induce persistent surface wind and associated northward
Ekman heat transport anomalies over the East China Sea. The
anomalous ocean advection develops and enters the EJS region across
the seasons, contributing to the summer SST anomalies. Our study
proposes that the slow-evolving oceanic anomalies associated with
the local and large-scale air-sea coupling during the previous winter
can serve as a source of the summer EJS SST predictability by
modulating the basin’s SST mean state. Supporting the observational
results, the GFDL SPEAR seasonal forecast system demonstrates the
skillful forecast of summer EJS SST when initialized in winter,
revealing that the current forecast system can skillfully predict the
summertime EJS SST events 8–9 months in advance.

The role of the globalwinter atmospheric circulation associatedwith the
Barents Sea variability in this study supports previous findings20,21. The
atmospheric feedback to Barents-Kara sea-ice loss during winter has been
known to significantly affect Northern Europe and eastern Asia during cold
seasons. Supporting the recent findings from Xu et al.21, our results indicate
that theBarents Sea high-pressure anomalies, whichmight be associatedwith
Barents Sea’s sea-ice reduction, appear to excite long Rossby wave trains that
propagate downstream to the Eurasia continent and North Pacific (Fig. 6).
Although the present study leaves the question of how the wave train activity
persists over the months, driving significant changes in the Northwestern
Pacific oceanic and atmospheric anomalies, our findings present a clear
engagement and participation of large-scale decadal climate modes in sea-
sonal EJS SST fluctuations. The distinct low-frequency component shown in
the summer EJS SST, 10m wind speed SVD, and the Barents Sea high
temporal variations (Figs. 5b and 6b) is also similar to that of North Atlantic
variability, especially the Atlantic Multidecadal Oscillation22. Previous
findings22,23 have shown that the North Atlantic warming can also modulate
the North Pacific SST anomalies through atmospheric teleconnections (e.g.,
upper-level divergence in theNorthAtlantic and compensating subsidence in
the North Pacific). The detailed examination of the seasonal evolution of the
winter large-scale climate variability associated with the Barents Sea varia-
bility should furtherbe investigated; thus, thepresent studycanbe followedby
many remaining questions, such as: Has the large-scale wind forcing of EJS
SST been stationary over time? What would be their projected changes in
intensity or spatial structure in a warming climate? Could the same global
wind anomalies be used as a potential source of predictability for other
regions or climate modes (e.g., Other East Asian marginal seas or
Kuroshio–Oyashio Extension), too?

Suggesting that increasing ocean resolutionmight improve the EJS SST
prediction by better resolving the regional ocean advection (e.g., Korea
Strait), we also highlight that the implication of detection of those
mechanisms in the low-resolution model provides many potential appli-
cations using our understanding of basin-to-hemispheric scale ocean/
atmospheric circulations.Our study illustrates that once the ocean is actively
involved in the mechanisms, it can yield long-lead predictability through
longer persistence and slow evolutions associated with air-sea coupled
processes. The significant long-lead forecasts initialized in winter for pre-
dictions of summer EJS SST shed light on the implications and applications
of the proposed mechanisms in improving the prediction of seasonal
hydroclimate extreme events over the Northwestern Pacific.

Methods
Observational datasets
Observational datasets used in this study include monthly averages of
NOAA’s Optimum Interpolation Sea Surface Temperature
(OISSTv2.1)24 and European Center for Medium-Range Weather
Forecasts Reanalysis-5 (ERA5)25. OISST is used to validate SST sea-
sonal forecasts and ERA5 product to examine variability and pre-
dictability SST and MHW events over the EJS using monthly
averages of SST, 10 m zonal and meridional winds, 10 m wind speed,
500-hPa geopotential height. Both OISST and ERA datasets are
available on 0.25o grids.

SPEAR Seasonal retrospective forecasts
As GFDL’s real-time seasonal prediction system, SPEAR has con-
tributed to the North American Multi-Model Ensemble (NMME)
project26 since 2021 (https://www.cpc.ncep.noaa.gov/products/
NMME/). SPEAR Seasonal retrospective forecasts use the
SPEAR_MED model27, where the atmosphere/land resolutions are
50 km and ocean/ice resolutions are 1 degree with refinement to 1/3
degree in the tropics. A 15-member ensemble of SPEAR seasonal
forecasts is available from 1992 to 2019 and 30-member from 2020
onward. Each forecast is initialized with a 30-member SPEAR’s ocean
data assimilation (ODA) for the ocean initial conditions and a
5-member SPEAR_MED coupled nudged simulations (SPEAR_-
MED_Nudged) for the atmospheric, land, and sea ice initial condi-
tions. The ocean reanalysis ODA includes daily SST from OISSTv2,
XBT data from the Global Temperature and Salinity Profile Program
(GTSPP)28, and Argo temperature and salinity data29 and applies a
bias correction scheme (OTA) to reduce model drift27. In the
SPEAR_MED_Nudged run, atmospheric temperature, winds, and
moisture were nudged toward the 6-hourly data from the Climate
Forecast System Reanalysis (CFSR)30 and sea surface temperature
(SST) was restored toward the daily OISST24. More details of
SPEAR’s ODA and seasonal retrospective forecasts can be found in
Lu et al. 27. SPEAR seasonal prediction system has explored and
shown significant forecast skill in predicting many key climate
variability and extreme events, such as the Nino3.4 index27, atmo-
spheric rivers over Western North America31, Antarctic/Artic sea
ice32,33, midlatitude baroclinic wave34, Kuroshio Extension
variability35, North American winter temperature swing index36, and
North American summer and winter time temperature extremes37,38.

Singular Vector Decomposition (SVD) analysis
To examine the source of predictability of the East/Japan Sea (EJS; 35°-
45°N, 127°-142°E) SST events and their linkages to large-scale
atmospheric fields, we conduct a singular value decomposition
(SVD) analysis. The SVD analysis has been widely used to extract
dominant modes of variability that fluctuate coherently in two
variables19,39. The SVD is similar to the ordinary EOF, except that a
cross-covariance between two fields is used. In this study, we use
summer (July-August-September, JAS) EJS SST and global wind speed
anomalies during the prior winter (November-December-January,
NDJ-1), focusing on their leading mode of SVD. Considering 8-
month-lag covariance between SST and wind speed fields (e.g., SST is
followed by wind speed), we assume the leading SVD mode of NDJ-1
global wind speed anomalies as the atmospheric forcing associated
with EJS SST andMHW events during the following summer. The sets
of normalized expansion coefficients (i.e., time series) for each SST
and wind speed fields are used to explore physical mechanisms and
evolutions of EJS SST and MHW events. The SVD analysis is com-
puted after we apply and remove linear regressions onto the con-
current and lagged (1–3 month) tropical Pacific SST variations, such
as Nino3 [5°S-5°N, 150°-90°E] and Nino4 [5°S-5°N, 190°-150°E] SST
time series, from the anomaly fields.
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Adjusted degrees of freedom
The significance test for correlations of timeseries (e.g., SVD expansion
coefficients, anomaly correlation coefficients) in this study is based on
adjusted degrees of freedom, which is associated with persistence (e.g.,
autocorrelation) or low-frequency signals (e.g., decadal variability). Fol-
lowing Bretherton et al.40, we adopt adjusted degrees of freedom,

N� ¼ N

1þ 2
PN�1

j¼1 1� j
N

� �
ρxxðjÞρyyðjÞ

where N is the number of time steps, and ρxxðjÞ and ρyyðjÞ are the auto-
correlation coefficient of time series x and y at lag j.

Heat budget analysis
The present study uses a heat budget analysis to identify and quantify local
physical processes that contribute to changes in EJS SST. Following related
literature41–43, we calculate the rate of change in EJS SST, using mixed-layer
temperature (MLT) tendency equation, referred to as the terms of the heat-
budget equation as follows.
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Here, themixed layer temperature tendency is expressed as the sum of
the effects of thedownwardnet heatflux (Q), horizontal advection (HADV),
ocean mixing (MIX) that includes entrainment/detrainment and turbulent
mixing, and the residual. In Eq. (1), Tm and um are ocean potential tem-
perature and velocities (u, v) averaged from the time varying mixed layer
depth (MLD; h) to the surface. The heat flux term (Q) is calculated with the
difference between Qnet, which is the sum of the shortwave and longwave
radiation and latent and sensible heat fluxes, and the penetrating shortwave
radiationQz. InQ, the reference density of seawater ρ and the specific heat of
seawater at a constant pressure Cp are assumed as ρ = 1025 kgm−3 and
Cp = 3850 J kg−1 K −1, respectively. For the ocean advection term (ADV),
only the horizontal advection (HADV) is considered. The entrainment
velocity is expressed as the sum of temporal changes in MLD, lateral
induction, and vertical advection44. T�h, u�h, and w�h are the potential
temperature and thehorizontal andvertical velocity at themixed layerdepth
h. In the horizontal and vertical turbulent mixing term, horizontal (Kh) and
vertical (Kv) eddy diffusivity coefficients are assumed as the global averaged
values, where Kh is 10

4 m2 s−1 and Kv is 10
−4 m2 s−1 45.

Data availability
NOAAhigh resolutionOISST v2.1 data were downloaded from the website
of NOAA/OAR/ESRL PSL (https://psl.noaa.gov/data/gridded/data.noaa.
oisst.v2.html). The ERA5 datasets were obtained from (https://cds.climate.
copernicus.eu/#!/search?text=ERA5&type=dataset). The SPEAR seasonal
hindcast SST data are available at the NMME website (https://www.cpc.
ncep.noaa.gov/products/NMME).

Code availability
All analysis were conducted using MATLAB. Codes generated by the pre-
sent study are available from the corresponding author upon request.
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