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Non-linear long-term trend in
volume transport through the
Korea/Tsushima Strait

Jae-Hong Moon1, Hyunjun Jang1, Taekyun Kim1*,
Hyeonsoo Cha1 and Naoki Hirose2

1Department of Earth and Marine Science, Jeju National University, Jeju, Republic of Korea,
2Research Institute for Applied Mechanics, Kyushu University, Kasuga, Japan
Based on the relation between volume transport and sea level difference across

the Korea/Tsushima Strait (KTS), in this study, we estimated the volume transport

of the Tsushima Warm Current over the past four decades and examined its

long-term trend using an ensemble empirical model decomposition (EEMD)

method. The estimated geostrophic transports showed very good agreement

with those measured by acoustic Doppler current profiler and those estimated

from satellite altimetry-based sea level data. This corroborates the reliability of

the long-term estimation. EEMD analysis revealed an acceleration in volume

transport in the KTS, with a persistent increase in the trend rate occurring after

the mid-1980s. Further analyses indicate that the trend shift in the KTS closely

coincided with an upper-ocean warming trend in the East/Japan Sea (EJS) after

the mid-1980s. Analyzing large-scale wind patterns suggests that long-term

trends of wind stress curls over the North Pacific are likely a key driver of the

trend shifts in the inflow through the KTS and the upper-ocean warming in the

EJS over the past four decades.

KEYWORDS

Tsushima warm current, Korea/Tsushima strait, ocean heat content, geostrophic
volume transport, long-term trend, wind stress curl, ensemble empirical
mode decomposition
1 Introduction

The Korea/Tsushima Strait (KTS) is a channel connecting the East China Sea (ECS)

and the East/Japan Sea (EJS). The KTS is divided by the Tsushima Island into western and

eastern channels (Figure 1). One major feature of the current system in the KTS is an inflow

of the Tsushima Warm Current (TWC) from the northwestern Pacific into the EJS

(Figure 1A). The TWC passing through the KTS provides heat and salt fluxes to the

environment of the EJS (e.g., Isobe et al., 1994; Katoh, 1994; Moon et al., 2009). Hirose et al.

(1996) and Han and Kang (2003) demonstrated that heat transport by the TWC is

responsible for ocean surface to atmosphere heat loss in the EJS. The TWC also affects

upper-ocean hydrography in the EJS by acting as a main heat source (Chang et al., 2004;

Yoon and Kim, 2009). Therefore, one can easily speculate that the warm and salty TWC
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2023.1250452/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1250452/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1250452/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2023.1250452&domain=pdf&date_stamp=2023-12-05
mailto:tkkim79@gmail.com
https://doi.org/10.3389/fmars.2023.1250452
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2023.1250452
https://www.frontiersin.org/journals/marine-science


Moon et al. 10.3389/fmars.2023.1250452
affects upper-ocean circulations and sea level rises in the EJS, which

correspond to thermal expansion associated with ocean warming

(Kang et al., 2005). Na et al. (2012) investigated the warming trend

and decadal variability of ocean heat content (OHC) in the EJS,

which is related to changes in the 10°C isotherm depths in the EJS

that can reflect the variability of water mass properties in the TWC.

Previous studies have reported that wind patterns over the

North Pacific including the Okhotsk Sea can drive the annual mean

and seasonal variability of volume transport through the KTS

(Minato and Kimura, 1980; Ohshima, 1994; Tsujino et al., 2008;

Ohshima and Kuga, 2023). In addition, large-scale atmosphere-

ocean circulations, such as the Artic Oscillation, Asian winter

monsoon, and Pacific Decadal Oscillation (PDO), have been

suggested to control the transport variability on interannual to

decadal time scales (Minobe et al., 2004; Gordon and Giulivi, 2004;

Na et al., 2012). Moon and Lee (2016) reported a multi-decadal shift

in the EJS sea level trend that shows a downward trend before the

early 1980s, followed by an upward trend from the early 1980s

onward. They suggested that the PDO-related wind stress curl may

account for the trend shift in the EJS sea level during the 1980s,

controlling the strength of the western boundary current in the

subtropical gyre. This is also consistent with the previous

observational study (Wang et al., 2016), confirming that the

basin-wide wind stress curl may induce the weakening condition

of Kuroshio in the ECS. Recently, Kida et al. (2021) found an

increasing trend in the KTS transport from 1995 to 2018 based on

sea level difference (SLD) data. Using numerical modeling result,

they suggested that the increasing trend is forced by a northward

shift in the Kuroshio axis south of Japan. These results may indicate

trend shifts in the transport of subtropical warm water entering the

EJS through the KTS. Because of the relatively short record of direct

current measurements, however, the relationship between OHC

changes in the EJS and long-term transport through the KTS has

not been investigated, which is the main issue of this paper.

There have been few studies based on the observations of

throughflow transport in the KTS. Previous estimates of
Frontiers in Marine Science 02
annual transport in the KTS varied widely from 0.5 to 4.2 Sv

(1Sv = 106 m3 s−1), depending on survey periods and methods (Toba

et al., 1982; Isobe et al., 1994; Teague et al., 2002; Takikawa et al., 2005).

Volume transport through the KTS has been measured using an

acoustic Doppler current profiler (ADCP) on a ferryboat along the

cruise line between Hakata in Japan and Busan in Korea since 1997.

The estimated volume transport from the ferryboat ADCP for 1997

−2007 was approximately 2.6 Sv, with seasonal variations in the range

of 2–3.2 Sv (Fukudome et al., 2010). Although measurements volume

transport through the KTS have been greatly improved by

implementing the serial ferryboat ADCP in 1997, determining the

long-term volume transport trend remains challenging because of

relatively short measurement records. Because the throughflow in a

strait is primarily in geostrophic balance (Figure 1A), sea level

difference (SLD) across the strait has been used to estimate

throughflow (Kawabe, 1982; Toba et al., 1982; Mizuno et al., 1989).

A strong linear relationship between the KTS throughflow and the SLD

across the strait was reported by Lyu and Kim (2003), who used cross-

strait hydrographic sections to remove baroclinic effects. Takikawa and

Yoon (2005) proposed an empirical formula relating volume transport

to SLD using the first five years (1997–2001) of ferryboat ADCP

current data. Based on their proposed formula, they estimated

seasonality and long-term variation of volume transport with a

roughly 15-year period. Recently, Lee (2016) and Shin et al. (2022)

proposed a modified empirical formula that adopted the same

approach of Takikawa and Yoon (2005) using the long-term ADCP

data record from 1997 to 2013.

The present study is motivated by recently documented, but

little investigated a relationship between the long-term transport

through the KTS and upper-ocean warming in the EJS. Thus, this

study aims at quantifying the long-term trend of throughflow

transport in the KTS and investigating its connection with upper

OHC in the EJS. To do so, we first utilize an updated formula for the

relationship between throughflow and SLD across the KTS to

estimate volume transport over the past four decades. We then

use an ensemble empirical mode decomposition (EEMD) method
A B

FIGURE 1

(A) Map showing the location of the Korea/Tsushima Strait (KTS) and climatological absolute dynamic topography (color) with geostrophic surface
flow (vector) based on satellite altimetry from 1993 to 2017. (B) Tidal stations (black circles) at Busan, Izuhara and Hakata and the gridded altimetry
data (red crosses, three or four nearest points at each tidal station) to calculate sea level differences across the straits. Colored contour lines show
the bathymetry in meters.
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to extract the nonlinear long-term trend from the estimated

transport record in the KTS including many oscillating modes.

Lastly, we discuss a connection between the trend in the TWC and

the upper-ocean warming in the EJS.
2 Data and method

2.1 Data

SLD across the KTS was examined using tide gauge records

from coastal tidal stations over the past four decades (1975–2017).

Here, we used SLD values between Busan and Izuhara across the

western channel and between Hakata and Izuhara across the eastern

channel (blue circles in Figure 1B). Sea level data observed at Busan

were obtained from the Korea Hydrographic and Oceanographic

Agency and other tide gauge data were provided by the Japan

Oceanographic Data Center. A 25-h low-pass filter was applied to

remove tidal signals in the sea level records. An inverse barometric

effect was removed using the atmospheric surface pressure from

National Centers for Environmental Prediction (NCEP) reanalysis

near the tidal stations, and we then used the monthly mean data to

calculate SLD across the straits. Altimetry-based sea level

observations dating back to 1993 from the AVISO dataset and

volume transport measured by ferry-mounted ADCP operated by

Research Institute for Applied Mechanics of Kyushu University

[data from Fukudome et al. (2010)] since 1997 were also used to

compare geostrophic transport estimated from SLD between the

tide stations. The altimetry-based sea levels were averaged over the

four nearest points to each tidal station to calculate SLD values

across the straits (red crosses in Figure 1B).

To calculate OHC in the EJS, we used quality-controlled in situ

profiles of Ishii and Kimoto (Ishii and Kimoto, 2009, hereafter,

IK2009), which has been produced by objective analysis of

measurements. This product consists of monthly gridded

temperature and salinity with 1° spatial resolution and 16-depth

levels from the surface to 700 m depth. In situ-based temperature

data from the Met Office Hadley Centre (EN4, Good et al., 2013) was

also used to compare the EJS OHC with the IK2009 product. EN4

dataset also provides monthly temperature and salinity with a spatial

resolution of 1°. The OHC has been computed at each grid point of

temperature by integrating down to 300 m from 1960 to 2009.

OHC = rCp∭ qdxdydz (1)

where Cp is the specific heat capacity of seawater, r is the water

density, and q is potential temperature. x, y, and z are zonal,

meridional, and vertical coordinates. In addition to in situ profile

datasets, two different surface wind products were used to identify

the relationship between the KTS throughflow and the large-scale

wind patterns in the North Pacific: the 2.5° National Centers for

Environmental Prediction/National Center for Atmospheric

Research Reanalysis product from 1965 to 2010 (NCEP/NCAR),

and the 1° European Center for Medium-Range Weather Forecasts

ERA-Interim product from 1979 to 2010 (Dee et al., 2011).
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2.2 Method

To estimate long-term geostrophic volume transport in the

KTS, we utilized an empirical formula relating volume transport

and SLD across the straits proposed by Takikawa and Yoon (2005).

The empirical formula of geostrophic volume transport (VT) is

given by:

VT(t,  Dh) = a(t) · v(Dh) · S (2)

where the unit of time t is month, Dh is SLD across the straits,

and S is the strait’s cross-sectional area (11.61 km2 for the eastern

channel and 6.66 km2 for the western channel). v(Dh) is the

geostrophic velocity for the relation between the surface current

velocity (v) and SLD across the straits. Takikawa et al. (2005) have

shown strong seasonal variations in current baroclinicity and

volume transport in the KTS by analyzing ADCP measurements

from 1997 to 2001. To incorporate the effect of current baroclinicity

in the transport estimation from SLD, Takikawa and Yoon (2005)

calculated the monthly regression lines between the volume

transport estimated from the ADCP data and the SLD using tide

gauge data. Then, the monthly gradients of the regression lines were

fitted by a function [a(t)] with annual and semi-annual periods

using the least squares method (Takikawa and Yoon, 2005).

a(t) = a0 + a1cos
p
6
t + b1sin

p
6
t + a2cos

p
3
t + b2sin

p
3
t (3)

where the unit of time t is month, and a0,   a1, a2, b1, and b2
indicate the regression coefficients using the least square method.

This function incorporates the effect of current baroclinicity and

seasonality on volume transport estimation from the SLD using tide

gauge records. Recently, Lee (2016) and Shin et al. (2022) modified

the regression coefficients of the function (Eq. 2) using the extended

ADCP data from 1997 to 2013.They also applied the same method

above (Takikawa and Yoon, 2005) using altimetry absolute dynamic

topography (ADT) data for the 1997–2013 period and obtained the

monthly gradient of the regression lines between the transport

calculated from the ADCP data and the geostrophic relation using

the ADT data. The regression coefficients for tide gauge and

altimetry data modified by Lee (2016) are listed in Table 1. The

detailed descriptions of the computation process can be found in

Takikawa and Yoon (2005). In this study, we used the updated

regression coefficients to estimate long-term volume transport using
TABLE 1 Regression coefficients of the function Eq. (3) for tide station
and altimetry data [from Lee (2016)].

Tide station AVISO

Western
channel

Eastern
channel

Western
channel

Eastern
channel

a0 0.436 0.651 0.437 0.262

a1 -0.003 -0.035 -0.011 -0.021

b1 0.030 0.054 -0.050 0.016

a2 -0.011 -0.025 -0.002 -0.010

b2 -0.030 -0.046 -0.049 -0.017
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SLD between the two tide gauge stations over the past four decades.

To validate the consistency of the empirical formula, we also

compared the volume transport estimated from the tide gauge

data with that estimated from the altimeter data.

Volume transport estimated using long-term SLD was

decomposed into variability of different time scales and a

nonlinear trend using the EEMD method. The EEMD method is

based on empirical mode decomposition (EMD), which is designed

to separate the time series into a finite number of intrinsic model

functions (IMFs) and a residual that represents the long-term

adaptive trend (Huang et al., 1998). The final IMF in the EEMD

process is obtained as an ensemble average of corresponding IMFs

that was decomposed from the targeted time series data with white

noise added by the EMD (Huang and Wu, 2008). The total number

of IMFs is determined automatically in the EMD process and

depends on the length of the original signal. Unlike the

traditionally used filtering or curve-fitting methods based on

assumptions of stationarity and linearity, the intrinsic trend

requires no predetermined functional form and can vary with

time. The benefit of using EEMD is that it can separate a time-

varying trend from non-stationary oscillations such as natural

variability on different time scales. Because sea-level data are

nonstationary and nonlinear natural processes, which are not

completely known, it is appropriate to analyze and deal with

nonstationary datasets using EEMD method based on data only.

For this reason, EEMD has been widely used in various signal

analysis fields including climate research (e.g., Lee, 2013; Jo et al.,

2014; Chen et al., 2017; Cha et al., 2018). In this paper, we used the

EEMD method to extract a nonlinear trend from the geostrophic

volume transport estimated from SLD across the KTS, without any

prior assumption about the shape of a trend. To determine whether

the obtained IMFs contain useful information, statistical

significance tests are performed, comparing spectral energy of

each decomposed mode with that of white noise. This method,

based on the characteristics of Gaussian white noise with EMD, was

proposed by Wu and Huang (2004), who showed improved IMF

statistical significance through a rescaling step using noise. This

method works as follows: 1) decompose the targeted noisy dataset

into IMFs, 2) calculate the spread function of various percentiles for

the white noise and select the confidence limit level, and 3) compare

energy densities for the IMFs from noisy data with the spread

functions. In this test, we calculated the spread function of the 99%

and 95% confidence limit levels and determined the spread lines for

the confidence level, which bound the energy of white noise with

upper and lower limits. If the calculated energy density of any IMF

lies below the these spread lines, then the IMF is not distinguishable

from the white noise, i.e., the IMF contains no information. If the

energy level of any IMF lies above the spread lines, then we can

assume that it contains statistically significant information.

Interested readers are referred to Wu and Huang (2004) for more

details on the process of significance test and its physical meanings.

In addition, a bootstrap method, which is based on random

resampling to estimate confidence intervals, is used to test the

significance of the intrinsic trends obtained from EEMD. The main

steps of this method are as follows (Park et al., 2018): 1) artificial

resampled data (erand) are created by randomly sampling the
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anomaly for the original data. 2) the artificial data and the

residual (R) derived from the EEMD are then added

(x* = erand + R), 3) the EEMD is again performed on the

reconstructed data (x*), after which the artificial trend can be

obtained, and 4) steps 1–3 are repeated M times (in this study,

M = 1,000 iterations). The mean artificial trend can then be

estimated from the individual bootstrap simulations (R(x*i ): R* =
1
moM

i=1R(x
*
i )). Confidence intervals can be calculated from all the

artificial trends using a standard Student’s t-test distribution.
3 Geostrophic volume transport
estimated from SLD

Using Eq. (2), we estimated the monthly mean geostrophic

volume transport through the KTS from SLD using tide gauge data

between Busan and Izuhara (western channel) and between Hakata

and Izuhara (eastern channel) from 1975 to 2017 (Figure 2). To

examine the validity of the geostrophic transport, we compared it

with ship-mounted ADCP-measured volume transport from 1997

to 2012 (blue lines in Figure 2). The estimated total volume

transports showed very good agreement with those ADCP-

measured values, with statistically significant correlation

coefficients exceeding 0.85 and a root-mean-square error (RMSE)

of less than 0.24 Sv. The correlation coefficient and RMSE in the

western channel were 0.89 and 0.16 Sv, respectively, which shows

relatively good correlation compared with that in the eastern

channel. In addition to ADCP measurements, the sea level

anomalies (SLA) measured by satellite altimetry were also used

for the comparison (red lines in Figure 2). The volume transport

estimated from SLD derived from tide gauge data again matched

well with the altimetry-based SLA estimate.

The estimated volume transport through the KTS averaged over

43 years was 2.61 Sv, with 1.51 Sv through the western channel and

1.05 Sv through the eastern channel. These values are almost

identical to previous estimates (Takikawa et al., 2005; Fukudome

et al., 2010). The long-term geostrophic transport includes internal

variability on intraseasonal to decadal time scales, with a dominant

seasonal cycle mode. Seasonally varying transport in the KTS has a

wintertime minimum and two significant maxima in spring and

autumn in most years. Additionally, there is a larger seasonal

amplitude in the western channel than in the eastern channel

(Figures 2C, E). The seasonality features in the KTS have been

well documented in previous works; however, few studies have

examined the long-term trends that are potentially affected by

intraseasonal to decadal variability.
4 Long-term trend of volume
transport in the KTS

To extract an intrinsic trend from the SLD-estimated

geostrophic volume transport, we conducted an EEMD analysis

for transport through the KTS (i.e., western and eastern channels as

well as the KTS as a whole). This yielded eight IMFs and a residual
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based on their timescales (Figure 3). We also performed a

significance test on the EEMD-derived IMFs by comparing the

spectral energy of each decomposed mode with that of white noise

to determine whether the individual IMFs contained statistically

significant information. The test result indicated that all IMFs

except for IMF 8 for the estimated volume transports, were

significant compared to white noise at the 95% confidence limit

level (Figure 4). This means that all IMFs can be distinguishable

from Gaussian white noise at the 95% confidence level. The

frequency of EEMD-derived signals was estimated by Hibert

spectral analysis. Spectral analysis indicated that the first two

IMFs showed high-frequency components at less than one year,

and IMF3 to IMF5 cover interannual scale frequencies varying from

1.5 to 6.6 years. Among the IMFs, IMF2 has the highest energy

density, with mean period of 1 year. The corresponding periods of

IMF6 and IMF7 were 11 years and 16.5 years, respectively. This

shows that the low-frequency modes were separated well from the

original signal. Takikawa and Yoon (2005) also reported a decadal

variation of roughly 15 years, which is a similar period to that of the

IMF6 and IMF7 obtained from the SLD-estimated volume

transport. Following the definition of the EEMD method, the
Frontiers in Marine Science 05
intrinsic trend is distinguishable from all IMFs, which implies

that the internal modes do not contribute to the intrinsic trend

over the whole period.

The intrinsic trends (i.e., residual mode) and the instantaneous

rates of volume transport in the KTS are shown in Figures 5, 6,

respectively. The significance of the intrinsic trend was tested using

a bootstrap method (Mudelsee, 2010; Ezer and Corlett, 2012; Park

et al., 2018) that is based on random resampling to estimate

confidence intervals. As shown in Figure 5, although the artificial

mean (i.e., ensemble of bootstrap simulations) trend (dashed lines)

slightly differs from the original trends (solid lines), the time-

varying trends do not change significantly within the confidence

intervals. This indicates the trends derived from EEMD analysis are

robust. Volume transport through the KTS exhibited a nonlinear

trend with a decreasing or near-stationary trend prior to the mid-

1980s and an increasing trend after that (Figure 5A). The

instantaneous rate, which indicates the rate of the time-varying

trend by calculating the temporal derivative of the trend, was

approximately -0.01 Sv per decade in 1975 and increased to 0.08

Sv per decade in 2017 (Figure 6A). Although the transport trend

slowly increased over four decades, its shift around the 1980s was
A

B

C

D

E

F

FIGURE 2

(Left panels) Monthly volume transport (Sv, 1Sv = 106 m3 s–1) of the Tsushima Warm Current from 1975 to 2017 estimated from sea level differences
(SLD) using Eq. (1) (black lines): (A) the Korea/Tsushima Strait (KTS), (C) the western channel and (E) the eastern channel. Blue and red lines indicate
the monthly volume transports measured by ferry-mounted ADCP for 1997–2012 and estimated from altimetry-based sea level anomalies (SLA) for
1993–2017, respectively. Comparison of SLD-estimated volume transports with altimetry-based SLA (red) and the ferry-mounted ADCP (blue)
volume transport: (B) the KTS, (D) the western channel, and (F) the eastern channel. SLD-estimated transport is shown by black dots in (B, D, F).
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robust. The time-varying nature of the transport trend suggests an

acceleration in volume transport through the KTS, with the

persistent increase in the trend rate occurring after the mid-

1980s. Of particular interest is that the shift in the trend in the

mid-1980s mainly arose from volume transport changes in the
Frontiers in Marine Science 06
eastern channel rather than in the western channel (Figures 5B, C).

Volume transport through the western channel showed a slightly

increasing trend over the whole period, going from 1.45 Sv at the

beginning to 1.6 Sv at the end. The rate of the transport trend in the

western channel was much smaller than that in the KTS overall,
A B C

FIGURE 3

EEMD decompositions of monthly volume transports through (A) the Korea/Tsushima Strait, (B) the western channel and (C) the eastern channel
estimated from sea level differences across the straits. Original monthly data (top) are decomposed into eight IMFs from high to low frequency and
resulting trends (bottom panels) by EEMD analysis. Black circles indicate the shifting years of the EEMD-derived trend.
A B C

FIGURE 4

Statistical significance tests of all IMFs of the monthly volume transports through (A) the Korea/Tsushima Strait, (B) the western channel and (C) the
eastern channel estimated from sea level differences across the straits. The solid and dashed lines represent the 99% and 95% confidence
levels, respectively.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1250452
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Moon et al. 10.3389/fmars.2023.1250452
corresponding to only about 20% of the trend rate in the KTS.

Unlike the western channel, volume transport through the eastern

channel showed a decreasing trend prior to around 1984 and an

increasing trend after that (Figures 5C, 6C). In other words, a

change in the trend is occurred in the mid-1980s. The rate increased

by 0.07 Sv per decade, going from approximately –0.02 Sv per

decade in 1975 to around 0.05 Sv per decade in 2017, exhibiting an

acceleration of the trend in agreement with that in the KTS as a

whole (Figure 6C). The EEMD-derived trend in the KTS is

characterized by a shift in the long-term trend from a decreasing

trend to an increasing one during the mid-1980s, which emphasizes

that the trend reversal is the dominant change in the volume

transport over the past 40 years. It should be noted that the

potential multi-decadal variability of the volume transport

through the KTS on timescales longer than that of the collected
Frontiers in Marine Science 07
data cannot be separated from the intrinsic trend. This means that

the shifted trend of the volume transport may partially reflect

internal variability on multi-decadal time scales.
5 Upper-ocean warming in the
East/Japan Sea

As suggested in previous studies, the warm and salty TWC

flowing through the KTS affects upper-ocean circulation and sea

level rises in the EJS, which correspond to thermal expansion

associated with oceanic warming. Figure 7A shows the time series

of the basin mean of yearly OHC anomaly (relative to the long-term

mean) in the uppermost 300 m of the EJS from 1960 to 2010 based

on the in situ profiles of IK2009 and EN4 reanalysis. The variability
A B C

FIGURE 5

Time-varying trends from EEMD analysis of volume transport (Sv, 1Sv = 106 m3 s–1) estimated from sea level differences with bootstrap simulations
(M = 1000 iterations) for the significance test: (A) the Korea/Tsushima Strait, (B) the western channel and (C) the eastern channel. The thin gray lines
indicate all simulated individual trends. The solid and dashed lines are the trends of the original data mean and artificial mean, respectively. The 90%
confidence intervals are shown by the shaded areas.
A B C

FIGURE 6

The instantaneous rate (Sv year–1) of the trends from EEMD analysis of volume transport estimated from the sea level differences with bootstrap
simulations (M = 1000 iterations) for the significance test: (A) the Korea/Tsushima Strait, (B) the western channel and (C) the eastern channel. The
solid and dashed lines are the trend rates of the original mean and artificial mean, respectively. The 90% confidence intervals are shown by the
shaded areas.
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in the two time series agree quite well each other over the entire

period of 1960–2010, with correlation coefficient of 0.89, and no

discernible difference in trend. This striking agreement between the

two products of temperature enhances confidence in the estimated

OHC variability. The time series was characterized by a long-term

shift in the OHC trend, which was superimposed on a dominant

decadal fluctuation. The mean OHC over the EJS revealed a

declining trend prior to the mid-1980s, followed by an increasing

trend after that. This is consistent with the long-term trend shift in

SLD-estimated volume transport through the KTS, particularly in

the eastern channel. The EEMD-derived intrinsic trend of mean

OHC also detected the reversed trend since mid-1980s (Figure 7B).

The EEMD analysis was conducted using the monthly gridded

OHCs and yielded total eight IMFs and a residual. The bootstrap

method was also used to test the significance of the intrinsic trend

obtained from EEMD. The extracted OHC trend is within the

confidence interval, indicating the robustness of the EEMD-derived

trend. The OHC in the EJS showed a nonlinear trend with a decline

trend prior to around 1984 and an upward trend after that,

emphasizing that the trend reversal is the dominant change in the

upper-ocean OHC in the EJS over the past decades. The shifting

year in the OHC trend matches well with the change of transport

trend in the eastern channel, showing no significant time lags.

Furthermore, the reversed trend was more clearly identified in

Figure 8, which shows the spatial patterns of the OHC trend in the

uppermost 300 m depth derived from IK2009 and EN4 over the

periods of 1960–1985 and 1986–2010, respectively. Prior to mid-

1980s, negative OHC trends prevailed over the southeastern parts of
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the EJS, extending northeast to southwest east of 135°E along the

west coast of Japan, whereas there was a positive trend in the

western EJS along the east coast of Korean Peninsula. The trend of

upper-OHC trend in the southeastern EJS was fully reversed from

the mid-1980s onward, except for the western EJS along the Korean

Peninsula. This indicates that significant warming in the EJS,

particularly in the southeastern part, has been persistent over the

past few decades, which represents a long-term trend shift

beginning in the mid-1980s. In contrast, there was a persistent

warming trend in the western EJS along the Korean Peninsula,

which may be connected with the increasing trend of volume

transport through the western channel over the whole period.

It has been proposed that the OHC in the EJS is associated with

upper-ocean circulation because of the variability of the TWC

through the KTS (Isobe and Isoda, 1997; Yoon and Kim, 2009).

Na et al. (2012) suggested a linkage between decadal OHC

variability in the EJS superimposed on an upward trend and

variability in the northwestern Pacific via variability of the TWC

through the KTS. Our results indicate that the warming signal in the

EJS is closely linked to the trend shift of the TWC through the KTS.

A similar shift in the trend was recently reported by Moon and Lee

(2016), who showed that the EJS underwent a significant increasing

trend in sea levels from the mid-1980s to 2008 due to a

strengthening trend of positive wind stress curl at mid-latitudes

in the western and central North Pacific that was negatively

correlated with the PDO (Andres et al., 2009). Following the

above discussions, the time-varying trend of volume transport

through the KTS we estimated is likely a key component of
A

B

FIGURE 7

(A) Time series of upper 300 m ocean heat content (OHC) anomaly in the East/Japan Sea (EJS) derived from in situ-based IK2009 (blue) and EN4
(red line) datasets from 1960 to 2010. The linear trend lines for 1960–1985 and 1986–2010 are also presented (dashed lines). (B) Time-varying trend
from EEMD analysis of EJS OHC. Solid and dashed lines are the trend of original data mean and artificial mean, respectively. The 95% confidence
intervals are shown by the shaded areas. Black circle indicates the shifting year of the EEMD-derived original trend.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1250452
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Moon et al. 10.3389/fmars.2023.1250452
upper-ocean warming in the EJS in recent decades, reflecting a

connection between OHC in the EJS and the TWC through

the KTS.
6 Trend shifts in the throughflow
and large-scale winds

Large-scale wind-driven circulations in the North Pacific have

been suggested as the driving mechanism of inflow through the KTS

(Minato and Kimura, 1980; Ohshima, 1994; Nof, 2000). Minato and

Kimura (1980) reported that the SLD between the two straits (i.e.,

the KTS and the Tsugaru strait) connecting a marginal sea to an

open ocean, which is induced by wind-driven gyres, can drive the

inflow and outflow through the straits. This idea was applied to a

numerical model with a realistic topography by Ohshima (1994)

who successfully estimated the throughflow transports in the straits.

Lyu and Kim (2005) also extended the idea on the timescales from

sub-inertial to interannual using a simple analytical model. Thus,

the wind-driven circulations can be one of the important factors for

regional SLD and its long-term trend that dynamically drives the

inflow of an open ocean water into a marginal sea.

To identify a connection between the trend shift in the KTS

transport and large-scale wind patterns in the North Pacific, we

examined the long-term trends of wind stress curl (WSC, ∇�~t)
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derived from NCEP reanalysis over the following two periods: 1965

−1985 and 1986−2010 (Figure 9). Before the mid-1980s, the trend of

basin-wide WSC in the subtropical region tended to be negative, but it

tended to be positive in the subpolar region (Figure 9A). On the other

hand, theWSC trends were reversed after the mid-1980s, i.e., a positive

trend in the subtropical and a negative trend in the subpolar regions

(Figure 9B). These changes of WSC are associated with the PDO

pattern that corresponds to counter-rotating wind patterns at mid- and

high-latitudes in the western/central North Pacific. Based on the

regression and correlation analysis, Moon and Lee (2016) showed an

imprint of PDO on the surface wind patterns in the subtropical and

subpolar regions of the North Pacific. The trends of the two WSC

bands were clearly evident in the time series of regionally averaged

WSC and EEMD-determined trends at the two bands (Figures 9C, D).

We conducted the EEMD analysis using the monthly wind datasets

and obtained total eight IMFs and a residual. The nonlinear trend in

the WSC at mid-latitudes has a shifting point around 1984, which is

consistent with the timing of the shifting trend in the EJS OHC. This

indicates that the PDO-related large-scale WSC shift matches with the

trend shifts in the KTS throughflow and the EJS OHC. It should be

noted that as the PDO varied on interannual timescales from late

1990s, the long-term curl trend from that time may be related to other

causes like climate change.

Prior to the mid-1980s, the PDO-related negative trend of the

WSC at mid-latitudes can force stronger Sverdrup flow in the
A B

C D

FIGURE 8

Spatial trends of OHC in the uppermost 300 m depth of the EJS derived from IK2009 (upper) and EN4 (lower panels) datasets over two periods:
(A, C) 1960–1985 and (B, D) 1986–2010.
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subtropical gyre, which is compensated for by a stronger return

Kuroshio in the ECS (Andres et al., 2009; Moon and Lee, 2016). The

enhanced Kuroshio flow due to the negative WSC trend may result

in a low sea level in the northern shelf of the ECS, which lies at the

entrance of the KTS, because the Kuroshio jet is intertially

controlled to continue in a straight path through the Tokara strait

(Andres et al., 2009; Moon and Song, 2017). This relation was also

reported by Moon and Song (2017) who have shown a sea level fall

in the ECS during this period, using a global ocean circulation

model. On the other hand, these relations were reversed during the

period since the mid-1980s when the PDO index shifted toward an

opposite pattern that of the previous decades. The weakened

negative WSC in the subtropical region from the mid-1980s to

the present forced a weaker Sverdrup flow including the Kuroshio

jet in the ECS. When the ECS-Kuroshio jet along the 200 m-

isobaths of the shelf slope is weak due to a positive trend of WSC in

the mid-latitude after mid-1980s, it is steered to the north of

topography southwest of Kyushu, Japan and warmer water enters

the EJS through the KTS, particularly in the eastern channel. This

connection was also reported by a recent study of Shin et al. (2022)

who have shown that the transport through the KTS is inversely

correlated with the Kuroshio transport to the south of Japan and the

PDO index. The recent increasing trend in the eastern channel is

also consistent with the result of Kida et al. (2021), which found a

relationship between the throughflow in the eastern channel and the

Kuroshio axis over 1995–2018. They argued that a northward shift

in the Kuroshio and Kuroshio extension axes brings the subtropical

gyre with sea level rise along the south coast of Japan, which

propagates toward the eastern channel of KTS along the coast,

resulting in enhancement of KTS throughflow transport. These

results suggest that the contrasting WSC trends over the North

Pacific may be a key driver in determining the trend shifts in the
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inflow through the KTS and the upper-ocean warming in the EJS

over the past decades. Nevertheless, because the data analysis alone

may have limitations in delineating the underlying physics clearly,

further studies based on numerical modeling are needed to clarify

the relationship between the KTS throughflow and the climate-

driven upper-ocean circulations.
7 Summary

This study aimed at quantifying the long-term trend of

throughflow transport in the KTS and investigating its connection

with the recent warming trend in the EJS. Based on the geostrophic

relation between throughflow and SLD across the KTS, we

estimated long-term volume transport using tide gauge data from

the past four decades. The estimated geostrophic transport matched

well with ship-mounted ADCP measurements and estimates from

the altimetry-based SLA, which corroborates the reliability of

estimated long-term volume transport. Then, we used an EEMD

method on the estimated transport time series to separate an

intrinsic trend from non-stationary oscillations on different time

scales. The throughflow in the KTS exhibited a nonlinear trend that

was decreasing or near-stationary prior to the mid-1980s and

increasing after that. The EEMD analysis revealed an acceleration

in volume transport, with a persistent increase in the trend rate after

the mid-1980s. The shift during the mid-1980s mainly arose from

volume transport changes in the eastern channel rather than in the

western channel.

Further analyses of upper OHC in the EJS showed that the trend

shift in the KTS closely coincided with an upper-ocean warming trend

in the EJS after the mid-1980s. These results supported the role of the

TWC in upper-ocean circulation in the EJS suggested by previous
A B

C D

FIGURE 9

(A, B) Trends of wind stress curl derived from NCEP reanalysis product over multi-decadal period, i.e., 1965-1985 and 1986-2010. Time series of
mean wind stress curls anomalies over the North Pacific at (C) mid-latitudes [subtropical gyre region shown by southern box in (A)] and (D) high-
latitudes [subpolar gyre region shown by northern box in (A)] from the reanalysis products of NCEP (blue) and ERA interim (red). The multi-decadal
linear trends (thin lines) and EEMD-derived trends (dashed lines) are also presented. Black circles indicate the shifting points of the EEMD-
derived trends.
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studies (e.g., Gordon et al., 2002; Na et al., 2012; Moon and Lee, 2016),

which represents a linkage between the warming signal in the EJS and

the trend shift of the TWC through the KTS. Analyzing the WSC

patterns showed that the long-term shift in the KTS throughflow may

be closely associated with the large-sale wind-driven circulations in the

North Pacific. Prior to the mid-1980s, the trend of basin-wide WSC in

the subtropical region tended to be negative that can result in a low sea

level in the northern ECS, whereas it tended to be positive in the

subpolar region that can result in a high sea level outside the Tsugaru

strait. It is therefore expected that the SLD between the entrance of the

KTS and the outside the Tsugaru strait became small, and consequently

the transport of warm subtropical water entering the EJS through the

KTS became weak, thereby decreasing the upper-ocean warming and

sea level in the EJS. On the other hand, these wind-driven responses of

the KTS throughflowwere reversed after themid-1980s when theWSC

trends in the North Pacific were shifted toward an opposite pattern that

of the previous decades. These results suggest that the contrastingWSC

trends over the North Pacific may be a key driver in determining the

trend shifts in the inflow through the KTS and the upper-ocean

warming in the EJS over the past four decades. Nevertheless, unlike

the transport trend through the eastern channel, there was no trend

shift with a slightly accelerating rate in the western channel, suggesting

that the warming trend in the EJS is unlikely to be a simple process, but

is rather likely to be a complex process involving the regional upper-

ocean circulation (e.g., the water from the Taiwan Current and the

Yellow Sea) and atmospheric forcing. Although not pursued in this

study, the TWC’s effect on upper OHC in the EJS must be investigated

in future studies to clarify the dynamic linkage between them.

This study has also implications for predictions of regional

climate conditions. For example, Hirose et al. (2009) noted that

volume transport through the KTS largely drives precipitation over

the Japanese Islands via ocean-to-atmosphere feedback. Therefore,

the estimated long-term volume transport of the TWC could be

useful for better understanding of the regional climate system

associated with upper-ocean warming in the EJS.
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