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A B S T R A C T

This study investigated long-term interannual changes in summer circulation and hydrology in the East China
Sea (ECS) by performing 35-year high-resolution ocean model simulation from 1981 to 2015. The sea surface
temperature (SST) warming trend was considerably weaker in summer than in winter. To the east of the
Yangtze Estuary, the interannual variation of SST in summer was mainly dominated by horizontal advection
associated with variations in the Taiwan warm current and heat flux in the offshore region north of the Yangtze
Estuary. Baroclinic circulation during summer played a crucial role in subsurface mixing. Near the surface,
the significant atmospheric wind mode (EOF1) and Kuroshio mode (EOF2) dominate interannual variations in
ocean circulation. In the subsurface, local wind around the Tsushima Strait dominated the interannual ocean
variation. Anomalous northeasterly winds induced a southwestward pressure gradient due to topographical
confinement. These anomalies propagated to the south along the continental shelf through topographic Rossby
waves. This study identified two types of anomalous features based on combinations of surface and subsurface
EOFs. The combination represents an in-phase contribution between wind and Kuroshio forcings and between
the surface and subsurface circulation that enhances the hydrological variability in the ECS. The implication on
the relevant biogeochemical and ecological studies in the East China Sea is also very crucial at the interannual
time scale.
. Introduction

The East China Sea (ECS) is located at the mid-latitudes of the
orthwestern Pacific. It is surrounded by mainland China, Taiwan,
yukyu and Kyushu Islands, and the Korean Peninsula. The continental
helf region that is shallower than 200 m accounts for approximately
6% of the ECS (Fig. 1). To the south of the ECS, the Taiwan Strait
onnects the ECS to the northern South China Sea. To the north of
he ECS, the Tsushima Strait connects the northern ECS with the Japan
ea. Over and beyond the shelf break, the northward-flowing Kuroshio
ostly follows isobaths.

The ECS is among the largest marine ecosystems in the world. In
ummer, the southwesterly monsoon wind (Fig. 1) causes the circu-
ation to flow northeastward (Liu and Gan, 2014), thus facilitating
he northward intrusion of the Taiwan Warm Current (approximately
.2–1.3 Sv) driven by the large-scale pressure gradient (Yang, 2007).
he intrusion of Kuroshio waters (approximately 1.3–1.4 Sv) from the
helf break is a characteristic of the bottom water of the ECS shelf
Zhou et al., 2018) that regulates its biogeochemical processes (Zuo
t al., 2019; Chen et al., 2020; Zhai et al., 2020). The Yangtze River

∗ Corresponding author at: Institute of Oceanography, National Taiwan University, Taipei, Taiwan.
E-mail address: tsengyh@ntu.edu.tw (Y.-H. Tseng).

(Changjiang) discharges substantially high concentrations of anthro-
pogenically derived nutrients into the ECS. In addition, the shelf current
and tidal mixing play crucial roles in exporting the river plume (Rong
and Li, 2012). The discharged water creates a buoyant plume that traps
solar radiation, thus enhancing vertical stratification through positive
feedback. During July and August, when the Yangtze River discharge
peaks, the upwelling generated by the horizontal divergence of the
Yangtze River plume drives the upward movement of nutrients from
the bottom water (Chen, 2000; Isobe and Matsuno, 2008).

In the ECS, the Kuroshio is the most energetic current. It flows
northeastward along the 200-m isobaths. The subsurface Kuroshio wa-
ter may intrude into the ECS shelf through three pathways: (1) over
the shelf off the northeast of Taiwan, (2) over the central slope of the
ECS, and (3) over the shelf off the southwest of Kyushu (Liu et al.,
2021a). The intrusion off northeastern Taiwan is established through
a spiral structure of velocity associated with the topographic effect
caused by the induction of uplift velocity by the along-shore variation
in slope (Yang et al., 2018). This phenomenon facilitates the intrusion
of subsurface Kuroshio into the ECS. The intrusion structure is altered
due to variations in the Kuroshio intensity, baroclinicity and local wind
ttps://doi.org/10.1016/j.ocemod.2022.102156
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Fig. 1. The model domain and topography (m). Magenta vectors show the climatological surface wind stress (N/m2) during July.
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tress (Liu et al., 2021b). Over the central slope of the ECS, the Kuroshio
ntrusion is determined by the along-shore pressure gradient (cross-
hore geostrophic current), which is attributed to the joint effect of
aroclinicity and relief (JEBAR) and the bottom stress curl (Guo et al.,
006). The intrusion varies with depths, presenting a multiple-layered
attern in the water column between 100- and 200-m isobaths. Overall,
he intrusion is stronger in the subsurface (>50 m) than in the surface
Zhang et al., 2017).

In the last four decades, significant surface warming has been
bserved in the ECS during winter due to the wind-induced spreading of
he Kuroshio warm water in addition to the air–sea heat flux (Oey et al.,
013). During summer, because the surface Kuroshio intrusion is nearly
bsent (Zhang et al., 2017), the warming trend is insignificant (Wang
t al., 2013; Sasaki and Umeda, 2021). In terms of interannual variabil-
ty, Kuroshio transport in the continental shelf of ECS is associated with
arge-scale climate variability, including modulation related to the El
 u

2

iño–Southern Oscillation (ENSO) (Liu et al., 2014) and Pacific decadal
scillation (Andres, 2008; Soeyanto et al., 2014). In the Taiwan Strait,
he interannual variability of volume transport is mainly driven by the
ast Asian summer monsoon (Hong et al., 2009).

In the inner shelf region of the ECS, interannual changes in cir-
ulation substantially affect the marine ecosystem. Xu et al. (2019)
bserved significant interannual variability in phytoplankton commu-
ities within the ECS ecosystem during summer in response to an
ncrease or decrease of the Kuroshio water. Although several studies
ave discussed the interannual variability of the Kuroshio, Taiwan
trait current, and Asian monsoon, interannual variations in the inner
helf of the ECS and its dynamics have rarely been addressed. The
elative contribution of local forces (winds stress, winds stress curl and
iverine discharge) and remote forces (the Kuroshio intrusion and Tai-
an Strait inflow) to interannual variations in ECS circulation remains

nclear. In this study, we performed a 35-year high-resolution ocean



Y.-C. Kuo, Y. Yu and Y.-H. Tseng Ocean Modelling 181 (2023) 102156

(
t
(

b
d
2
t
e
a
c
T
M
d
T
h
s
E
f
t
c

N

Fig. 2. The historical typhoon tracks during (a) July and (b) August between 1982 and 2015. Individual years are labeled. The best track typhoon data were retrieved from the
Japan Meteorological Agency (JMA) (https://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/trackarchives.html).
model simulation to investigate long-term variations in the ECS during
summer. This study identifies the dominant interannual modes in the
summer ECS for the surface and subsurface, respectively. These results
will impact our current understanding of the regional ocean climate
study in the ECS due to the different feedbacks for the surface and
subsurface (baroclinicity). Section 2 introduces the numerical model.
Section 3 presents a validation of the model results on the basis of
observations. Furthermore, long-term trends and interannual variability
are addressed. Section 4 confirmed and concluded the relative impor-
tance of the local and remote forcings on the two dominant types of
anomaly features based on a sensitivity experiments. Finally, Section 5
provided our summary.

2. Numerical model and observation

The 35-year ECS simulation performed in this study was based
on the Regional Ocean Model System model integrated from January
1981 to December 2015. This model configuration efficiently simulated
diurnal and seasonal temperature and salinity variations in the ECS (Yu
et al., 2017a,b, 2020). The model domain ranges from 24◦N to 41.3◦N
and from 117◦E to 132◦E (Fig. 1) with a horizontal resolution of 1/18◦

∼6 km). The model has 30 ‘‘S layers’’ in the vertical direction and uses
he double stretching function reported by Shchepetkin and Mcwilliams
2009) to achieve a higher model resolution at the surface.

The model simulation was initialized on January 1, 1981, on the
asis of Simple Ocean Data Assimilation Version 3 (SODA3) reanalysis
ata for sea surface height (SSH) and velocity fields (Carton et al.,
018). Information on temperature and salinity was obtained from
he January climatology of the World Ocean Atlas 2013 (Locarnini
t al., 2013; Zweng et al., 2013). Pentad SODA3 reanalysis data with
resolution of 1◦∕4◦ (∼27 km) were used as the lateral boundary

onditions of SSH, currents, temperature, and salinity for consistency.
en principal tidal constituents—M2, S2, N2, K2, K1, O1, P1, Q1,
f, and Mm (harmonic constants for tidal elevation and currents)—

erived from the Oregon State University global inverse tidal model of
PXO7.0 with a nodal correction (amplitude and phase adjustments of
armonic tidal constituents over an approximate 18.61-year cycle), are
pecified as tidal forcing at the lateral boundary (Egbert et al., 1995;
gbert and Erofeeva, 2002). Different boundary conditions are used
or SSH (Chapman type, Chapman, 1985), barotropic velocity (Flather
ype, Flather, 1976), and temperature/salinity (Orlanski-type radiation
ondition; Orlanski, 1976), respectively.

The 6-hourly National Center for Environmental Prediction/
ational Center for Atmospheric Research reanalysis data were used
3

to provide atmospheric forcing data (Kalnay et al., 1996), including
wind speed (10 m), solar radiation, air temperature (2 m), air pressure
(2 m), precipitation rate, cloud fraction, and relative humidity. Solar
insolation uses a double exponential absorption function with Jerlov
water type II parameters (Paulson and Simpson, 1977). Radiative
cooling caused by longwave radiation was calculated using the Berliand
algorithm (Berliand, 1952). The latent heat, sensible heat, and wind
stress were computed using COARE 3.0 bulk formulas (Fairall et al.,
1996, 2003). The ‘‘cool skin’’ effects on sea surface heat and vapor
fluxes were determined using an empirical correction scheme (Fairall
et al., 1996).

The 10 largest rivers were included within our model domain
(Yangtze, Yellow, Huaihe, Liaohe, Haihe, Luanhe, Minjiang, Qiantang,
Yalu, and Han rivers, Fig. 1). The monthly mean river discharge data
were derived from the Global River Discharge Project (http://daac.
ornl.gov/RIVDIS/rivdis.shtml) (Vorosmarty et al., 1998). The diluted
riverine water was discharged into all model layers (30 layers) at the
upstream region of the river with 0 psu. The river temperature was
determined using climatological monthly SODA3 data. The interannual
change in river discharge was not considered in the present study; this
change may alter ECS circulation at some points.

During July and August, the area and volume of the Yangtze River
plume peak and the summer flow pattern reached a matured phase.
We selected July in this study to reduce complexity, given that a
large number of typhoons with diverse trajectories occurred in the ECS
during August 1982–2015 (Fig. 2). On average, the ECS is impacted
by 4 typhoons annually (Chen et al., 2017). The number of typhoon
events is less than that in the South China Sea, but these typhoons
are often more powerful in the ECS (Chen et al., 2017). When two
or more typhoons pass by continuously within a month, significant
ocean response to typhoons will be quite complicated for the analysis
owing to the large air–sea momentum and energy flux exchanges. These
events need to be studied individually so that we exclude August from
the present study. For ocean data, high-resolution optimum interpola-
tion SST (OISST) from the NOAA National Climatic Data Center was
used for the period from 1982 to 2015 (https://www.psl.noaa.gov/
data/gridded/data.noaa.oisst.v2.highres.html). We used HYCOM (HY-
brid Coordinate Ocean Model) reanalysis data (GOFS3.0 and GOFS3.1)
to validate our model results because in-situ and satellite ocean mea-
surements have been assimilated in HYCOM. In addition, the CTD data
in a region between 122◦E–126◦E, and 28◦N–32◦N collected by the
research vessels Ocean Researcher I, II, III during the cruise in July
between 1997 and 2014 is used to validate the model results. The data

https://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/trackarchives.html
http://daac.ornl.gov/RIVDIS/rivdis.shtml
http://daac.ornl.gov/RIVDIS/rivdis.shtml
http://daac.ornl.gov/RIVDIS/rivdis.shtml
https://www.psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
https://www.psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
https://www.psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
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Fig. 3. (a) 35-yr mean climatology of salinity (psu) at four latitudes (30◦N, 31◦N, 32◦N and 33◦N). Surface distribution is shown as contours. (b) and (c) same as (a) but for
temperature (◦C) and density (𝜎), respectively. (d)–(f) mean circulation and current speed (m/s) at 10 m, 40 m, and 70 m during July, respectively. Thick black arrows in
d) show the flow divided into two branches due to the Yangtze bank.
s provided by the Ocean Data Bank of National Science and Technology
ouncil (http://www.odb.ntu.edu.tw/).

We conducted an empirical orthogonal function (EOF) (Kutzbach,
967) analysis and the linear regression of environmental variables
e.g., SSH, currents, wind stress, wind stress curl, and surface heat
lux) on EOF modes by the least squares method (Emery and Thomson,
001). The surface heat budget (Eq. (1)) is used to explain these EOF
odes. In Eq. (1), the horizontal dissipation is negligible and the

ertical diffusion term can be viewed as the difference between the
et surface heat flux and the turbulent heat flux at the bottom of the
cean surface layer. Base on the EOF results, an addition numerical
xperiment, Exp1, is conducted. In Exp1, the ocean states (initial and
oundary conditions) during 2009/6/1-2009/7/31 is forced by the
tmosphere states during 2014/6/1-2014/7/31. This will be further
ddressed in Section 4.
𝜕𝑇
𝜕𝑡
⏟⏟

𝑡𝑒𝑛𝑑𝑒𝑛𝑐𝑦

= −
(

𝑢 𝜕𝑇
𝜕𝑥

+ 𝑣 𝜕𝑇
𝜕𝑦

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛

− 𝑤𝜕𝑇
𝜕𝑧

⏟⏟⏟
𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛

− 𝜕
𝜕𝑧

(

𝑘𝜕𝑇
𝜕𝑧

)

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

+ {𝐹 +𝐷}
⏟⏞⏟⏞⏟

𝑓𝑜𝑟𝑐𝑖𝑛𝑔 𝑎𝑛𝑑 ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛

(1)

3. Model results

3.1. Model verification and climatology

Fig. 3 presents 35-year averaged depth-longitude salinity, tempera-
ture, and density profiles in the ECS and the flow field at depths of 10,
40, and 70 m. At the surface, the spatial variation in density was domi-
nated by the diluted water of the Yangtze River, causing a minimum to
4

the west near the river mouth (Fig. 3a, c). In the subsurface, the ocean
temperature and salinity were determined by the Taiwan warm current
and Kuroshio intrusion. Off the China coast, the isotherm elevated
onshore, indicating the typical upwelling phenomenon (Fig. 3b). At
deeper depths, cold water (<15 ◦C) appeared at approximately 33◦N
and 126◦E, where the minimum flow velocity (around the center of
cyclonic circulation) was observed. The cold water in the bottom region
is formed during wintertime transported by the southward cross-shelf
circulation in the Yellow Sea and ECS (Yuan and Hsueh, 2010). The
cold water distribution in Fig. 3b and d is similar to the climatologically
averaged data reported by Johnson et al. (2015, Figure 4.5). The
northward subsurface flow at around 32◦N and 124◦E–125◦E divided
into two branches where bottom topography rises (i.e., encountering
the Yangtze bank). One branch flows cyclonically around the bank
and the other flows across the west side of the bank (Fig. 3d). A
large density gradient was noted in the subsurface on the east and
west flank of the Yangtze bank, depicting clear frontal structures in
the shallow water where baroclinicity and significant velocity shear
appeared. Near the surface, the northward current from the Taiwan
Strait turned eastward when it reached the Yangtze bank. Subsequently,
the northward current flowed cyclonically and entered the Japan Sea
through the Tsushima Strait. In the subsurface, significant Kuroshio
intrusion was noted in regions at approximately 123.5◦E and 127.5◦E.

Fig. 4 shows the CTD data collected by the research vessels Ocean
Researcher I, II, III during the cruise in July between 1997 and 2014.
Based on the distribution of these CTD stations, we choose three
areas (M1, M2, and M3 as shown in Fig. 4) to compare the mean
CTD temperature profiles and the mean model results. The correlation
coefficient between the interannual variation in the CTD data and
model at different depths in the area of M1, M2, and M3 are shown

http://www.odb.ntu.edu.tw/
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Fig. 4. (a) The CTD data collected by the research vessels Ocean Researcher I, II, III during the cruise in July between 1997 and 2014. (b) Location of the CTD stations and the
1, M2 and M3 regions. The mean temperature profile in M1 region from (c) the CTD data and (d) model. (e) Correlation between the interannual variation in the CTD data

nd model in M1. The solid circles indicate significant at the 5% level. (f)–(h) are the same as (c)-(e) but for M2 region. (i)-(k) are for the region.
n Fig. 4e, h, and k, respectively. Overall, the model shows similar
nterannual variation to the observations. We note that we do not
xpect the model results can exactly match the CTD data due to the lack
f data assimilation. The changes in the observation are larger than the
odel monthly-mean results. The model results are compared well with

he CTD temperature profiles in M1 and M3. The simulated temperature
elow 20 m is slightly higher in M2. However, the thermocline depth
s well presented in the model.

We also compared the 35-year modeled ocean temperature and SSH
uring July with OISST and HYCOM reanalyses (Fig. 5). The modeled
ST pattern was consistent with the OISST. The biases were less than
.5 ◦C in most domains (Fig. 5b). However, some deviations were larger
han 1 ◦C in the shallow (<20 m) coastal region north of the Yangtze

Estuary. The discrepancy is partly due to imperfect surface forces such
as freshwater runoff and the high-frequency diurnal winds in this

region. The model SST exhibited the maximum standard deviation to

5

the south of Cheju Island where a cyclonic circulation was located. This
feature was also noted in the OISST (figure not shown). The modeled
time series of SST was consistent with the variation of OISST as the cor-
relation coefficient is larger than 0.8 in most domains, indicating that
the simulations were reliable for interannual SST variability (Fig. 5c).

Previous observations showed that the summer mixed layer depth
was approximately 20 m in the study region (Du and Liu, 2017;
Moon et al., 2019). This is consistent with the CTD results in M1. For
the shallower regions (M2 and M3), the thermocline depth is around
20 m and 30 m, respectively. Thus the subsurface depth is defined
as 30–70 m in the study region. The comparisons in mean subsurface
temperature between HYCOM and our model during 1994–2015 are
shown in Fig. 5d–f. The comparison of the subsurface temperature
shows larger biases (Fig. 5e) than in the surface, especially in the
boundary region between ECS and the Yellow Sea and off the northeast

of Taiwan. However, our modeled time series correlated well with the
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m

Fig. 5. (a) modeled SST mean (contours) and standard deviation (shading) during 1982–2015. (b) the modeled SST deviated from the OISST (◦C). (c) correlation between the

odeled SST and the OISST (black contours have the interval of 0.15 and p < 0.05). (d)–(e) is same as (a)–(b) except for the subsurface (30–70 m) temperature (◦C), and (f) is
the correlation with HYCOM reanalysis (1994–2015) (black contours have the interval of 0.15 and p < 0.05). (g)–(i) are the same as (a)–(c) except for the modeled SSH (m) and
its deviation from the HYCOM reanalysis (1994–2015).
HYCOM reanalysis in most of the region except off the northeast of
Taiwan (Fig. 5f). Particularly, the similarity in the central and northern
ECS suggests that our analysis in these regions is reliable.

Studies have rarely performed long-term direct current measure-
ments in the ECS. Ocean circulation can be deduced from strati-
fied ocean temperature and SSH, which include both baroclinic and
barotropic components (Goni et al., 1996). Furthermore, we compared
the modeled SSH with HYCOM data in this subsection. The modeled
SSH was generally higher in the Kuroshio region and gradually de-
creased toward the west as expected. In addition to the Kuroshio region,
the standard deviation was higher along the China coast, possibly due
to variations in the anomalous wind-induced coastal flow (Fig. 5g).
The modeled SSH correlated well with HYCOM reanalysis in most
domains except the inner portion of cyclonic circulation south of Cheju
Island and off the northeast coast of Taiwan, where a cyclonic eddy
existed during summer (Fig. 5i). These low correlation regions are
partly attributable to large interannual variability locally.

3.2. Long-term trends

The variability of SST in the ECS is mainly driven by the oceanic
advection and air–sea heat flux (Cai et al., 2017). Fig. 6 presents the
spatial distribution of long-term trends for SST during 1981–2015:
(a) annual mean and (b) July. SST warming was mainly observed in
the southwestern ECS (north of Taiwan; Fig. 6a and b). The spatial
distribution of the linear trend of the annual mean SST suggested a
slight warming trend (approximately 0.02 ◦C/y; Fig. 6a); this find-
ing is similar to OISST results for the period 1982–2017 reported
6

by Wang et al. (2019). However, the modeled warming trend was
weaker than that reported by Wang et al. (2019) off the China coast,
where the warming trend reached 0.03–0.04 ◦C/y. This difference
may be attributed to two main reasons. The first is the shift of the
climatological initial condition in our simulation. The second is that
the coarse resolution atmospheric force cannot exactly depict land–sea
differences along the coast, thus causing potential heat flux biases. The
summer SST warming was not evident in the ECS in the observation
(Fan et al. 2013, Sasaki and Umeda, 2021). Moreover, no clear warming
trend was observed for most of the ECS region in July in the model
simulation (Fig. 6b). Fig. 6c and d show the corresponding time series
of annual mean and July SST, respectively. We separated the time series
before and after 1998 because the well-known global warming hiatus
started in 1998 and ended in 2012 (Medhaug et al., 2017). For the
annual-mean SST, the ECS warming trend before and after 1998 was
approximately 0.031 ◦C/y and −0.039 ◦C/y, respectively. However,
the July SST trend before 1998 was −0.01 ◦C/y. After 1998, the SST
trend decreased to −0.02 ◦C/y. Despite the nonsignificance of the long-
term trend in SST in summer, a considerable interannual variation in
summer SST was noted (Fig. 5a), especially in the inner shelf region.
This variation was further discussed in the following section.

Subject to the global warming, the upper layer of Kuroshio was
speculatively intensified due to the sea surface warming and changes
in the basin scale wind stress curl (Cheon et al., 2012; Sakamoto et al.,
2005). Acceleration of the Kuroshio in the ECS was observed in the
in-situ hydrographic data for the period of 1955 to 2010 (Wei et al.,
2013). During the warming hiatus (1998–2013), the Kuroshio exhibited
a weakening trend (Liu et al., 2021). Fig. 7 presents the Kuroshio mean
speed and long-term linear trend of speed during 1981 to 2015 and the
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inear trend during the global warming hiatus for yearly mean speed
nd July mean speed, respectively. The 35-year long-term trend of the
nnual Kuroshio speed was mostly positive along the main stream,
xcept it exhibited an off-shelf shift between 127◦E and 130◦E (Fig. 7b).
he increasing trend was stronger during summer (Fig. 7e), and it led
o weakened subsurface intrusion for an enhanced cross-shelf pressure
radient (Guo et al., 2006). During the hiatus period, the yearly mean
xhibited a weakening trend (Fig. 7c). For the July result, the linear
rend during the warming hiatus was similar to the long-term trend
uring 1981 to 2015. The difference in the behavior between yearly
ean and July data might be associated with seasonal variations in

he basin-scale wind anomaly or variations in the northwestern Pacific.
dditional studies are required to determine the cause of this difference
ut beyond the scope of this work.

.3. Interannual variation

.3.1. The surface
Fig. 8 presents the first EOF (EOF1) and its associated principal

omponent (PC1) using mean data in July for the interannual summer
ST variation (accounts for 66% of total variance). The second and
hird modes contributed to less than 7% of the total variance, which is
egarded as noise. EOF1 exhibited a spatially coherent in-phase pattern,
ith the maximum observed in the northern ECS. Fig. 8c illustrates

he linear regression maps of PC1 against surface heat flux (shading,
ownward flux was positive), wind stress (red vectors), and surface
low (black vectors). The regression results revealed an association
etween EOF1 and the heat flux around the offshore region north of the
angtze Estuary (marked by black ‘‘A’’ in Fig. 8) and the northeastward
urrent south of the Yangtze bank.

We used a surface heat budget equation to explain how different
rocesses contribute to interannual SST variations in the ECS (Eq. (1)).
ecause the SST variance in most of the EOF region was not signifi-
antly associated with local heat flux (Fig. 8c), the vertical diffusion
nd the force terms were not dominant. In Fig. 8c, the northeastward
urrent off the China coast south of the Yangtze bank brings warm
7

orizontal advection as the current (velocity vectors) heads toward a
irection of negative temperature gradient (black contours in Fig. 5a).
he heat flux variation in region ‘‘A’’ contributed to oceanic heat
dvection. Heat flux anomalies in region ‘‘A’’ were not significantly
orrelated with their surrounding values and local wind stress. We
nvestigated the spatial distribution of the interannual surface heat
lux variation during summer. Fig. 9 presents the standard deviation
f the modeled surface sensible heat flux, latent heat flux, shortwave
adiation, longwave radiation, and net heat flux. Both the latent heat
lux and shortwave radiation dominated the net heat flux variation
ecause the other two terms had relatively small contributions. The
arge interannual variation in shortwave radiation is attributable to
he strong adiabatic descent motion with increased downward solar
adiation resulting from anomalous anticyclonic circulation over north-
estern Pacific (Cai et al., 2017; Tan and Cai, 2018). The net heat flux
ariability revealed the local minimum at approximately 124◦E–126◦E

and 31◦N–33◦N, where the maximum EOF1 of SST was observed. This
finding is attributable to the out-of-phase relationship between the
latent heat flux and shortwave radiation, as indicated by the negative
correlation (less than −0.7) in Fig. 9e. In the shallow region north
of the Yangtze Estuary (marked ‘‘A’’), the absence of the negative
correlation between the latent heat flux and shortwave radiation caused
a large variability in the net surface heat flux. This might be due to
the presence of a moisture source from the land region. A recent study
suggested that soil moisture anomalies in the Yangtze River valley
may significantly modulate the sensible and latent heat flux in the
offshore region (Zuo and Zhang, 2016). This SST change associated
with variations in the heat flux could control the EOF1 of the SST
pattern through the oceanic advection process.

Fig. 10a–d presents the first two dominant EOFs and their associated
PCs for surface currents outside of the Yangtze Estuary, where the
subsurface temperature and SSH agreed with HYCOM reanalysis data
(Fig. 5). The EOF domain was chosen based on the region of inner shelf
circulation, excluding the Kuroshio main stream. These two dominant
modes explained up to 60% of variance. EOF1 represented coastal cur-
rent anomalies, and EOF2 depicted cyclonic circulation approximately
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Fig. 7. (a) Annual Kuroshio mean speed (<200 m, m/s), and linear trend in annual Kuroshio speed (ms−1yr −1) and flow field (b) during 1981–2015 and (c) during 1998–2013
(the global warming hiatus). The green lines shows the Kuroshio main stream (defined by the max current speed). (d)–(f) are the same as (a)–(c) except for July.
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along 70-m isobaths, indicating that the surface current EOFs have a
subsurface feature. These two patterns suggest two potential modes
affecting the summer SST variation: the atmospheric wind (atmosphere
forcing) mode and Kuroshio (ocean inherent) mode, respectively. The
regression maps depicted in Fig. 10e suggest that the EOF1 pattern of
surface flow is attributed to the strength of the East Asian summer
monsoon over the ECS (Fig. 1). Years of positive PC1 are associated
with anomalous northeasterly wind over the central and northern ECS.
The wind stress anomalies associated with weakening of the summer
monsoon around the Yangtze Estuary region induces horizontal conver-
gence accompanying with positive SSH anomalies along the China coast
(Fig. 10e). Changes in Kuroshio were not significantly related to EOF1.
By contrast, the EOF2 pattern (Fig. 10f) resulted from variations in the
Kuroshio intrusion over the southwest of Kyushu and off the north-
east of Taiwan. Years of positive PC2 are associated with enhanced
Kuroshio intrusion. The SSH over the western side of the Kuroshio

region increased with the enhanced intrusion onto the ECS shelf. This t

8

EOF2 pattern was not significantly correlated with the local atmosphere
forcing (Fig. 10f).

3.3.2. The subsurface
Fig. 11a–d presents the first two EOFs and the associated PCs of

subsurface (50 m) currents. These two EOF modes explained 78% of
the total variance. The EOF1 pattern presented a change in the intensity
of cyclonic circulation in this region. The EOF2 pattern demonstrated
the coastal current off the coast of China at approximately 27◦N that
xtended northward approximately along the 70-m isobath.

The significant correlation of the subsurface flow field (black vectors
n Fig. 11e) and PC1 revealed a close in-phase relationship with the
uroshio intrusion. Thus, a favorable correlation was observed between

he PC2 of surface current fields and the PC1 of subsurface current
ields (correlation coefficient = 0.73). The linear regression map of PC1
n Fig. 11e suggests that the anomalous wind over the Tsushima Strait
nd the anomalous SSH southwest of the Korean peninsula are directly
elated to the EOF1 pattern. The absence of a significant relation be-

ween PC1 and wind stress curl indicates the divergence or convergence
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Fig. 8. (Left) The first EOF and its associated PC1 for the July SST. (Right) The regression map of PC1 against surface heat flux (shading, downward flux is positive), wind stress
(red vectors), and surface flow (black vectors). Only p < 0.05 is shown. Gray contours are 40, 70 m, and 200 m isobaths, respectively.
Fig. 9. Climatological mean (black contours) and standard deviation (shaded color) of the modeled surface (a) sensible heat flux, (b) latent heat flux, (c) shortwave radiation,
d) longwave radiation, (e) net heat flux, respectively (downward positive for all fluxes, W/m2) in July. (e) correlation between the latent heat flux and shortwave radiation.
g
p
g

ssociated with the SSH anomalies resulting from flow-topography
nteraction. These results suggest a potential dynamical process for the
nomalous subsurface circulation as follows: the anomalous northeast-
rly winds over the Tsushima strait induced a southwestward pressure
 b

9

radient in the ECS due to topographical confinement, resulting in
ositive SSH anomalies around Cheju Island. These anomalies propa-
ated to the south through topographic Rossby waves with shallower
athymetry at their right side. The ocean current anomalies extended
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Fig. 10. (a–d) the first two dominant EOFs and their associated PCs for the surface currents. (e–f) the regression map of PCs against SSHs (blue contours), wind stresses (red
vectors), wind stress curls (shading), and surface currents (black vectors). Only p < 0.05 is shown. Gray contours are 50, 70 m and 200 m isobaths, respectively. The red and
blue points in PC1 mark the type I and II years respectively.
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southward to northwestern Taiwan (Fig. 11e). Fig. 12 presents the time
series of surface, subsurface current, and surface wind stress anomalies
along the 70-m isobath in 2007, 2011, and 2014 (three largest positive
phase years of PC1 in Fig. 11b). The anomalies were calculated by sub-
tracting the 35-year climatological mean. During these three summer
seasons, the incidents of anomalous wind induced in-phase surface flow
variations along the isobath. By contrast, in the subsurface, southward
propagating signals were observed along the isobath (magenta arrows
in Fig. 12(a), (e) and (i)). For the topographic Rossby wave, the poten-
tial vorticity gradient was dominated by bathymetric variations instead
of the Coriolis parameter. The baroclinic topographic waves were
trapped at the bottom along continental slopes. The bottom pressure
torque induced by the pressure difference along the isobaths played a
crucial role in driving these waves (Mertz and Wright, 1992). The mean
subsurface current in this region (30◦N–34◦N) flowed meridionally.
Because of the geostrophic adjustment associated with SSH anomalies,
oscillations in the v-velocity were less prominent.

The subsurface EOF2 presented a coastal current. The associated
PC2 was highly correlated with the PC1 of the surface current (cor-
relation = −0.6), suggesting the manifestation of the dominant surface
current pattern (surface EOF1). The subsurface PC2 was associated with
10
anomalous wind off the east coast of China, leading to the anoma-
lous wind stress curl over the ECS (Fig. 11f). The anomalous wind
pattern demonstrated the modulation of the East Asian summer mon-
soon off the east coast of China. As presented in Fig. 11(f), the wind
anomalies caused significant SSH anomalies off the China coast at
approximately 28◦N–30◦N, which induced Kelvin waves propagating
southward during the geostrophic flow adjustment (Fig. 11f). Further-
more, the subsurface EOF2 pattern is associated with the upwelling
process around the Yangtze Estuary region. The PC2 associated with
subsurface EOF2 in Fig. 11d correlates well with the upwelling strength
defined by the difference in the mean temperature between 30–70 m
in a coastal area U1(29◦N–31◦N and 121◦E–123◦E) and a central ECS
egion U2 (28◦N–31.5◦N and 120.8◦E–125◦E) in Fig. 11f (correlation
oefficient = 0.76). Note that the upwelling feature is not clear in the
ST under the effect of the Yangtze River plume.

. Discussion

The regression of the subsurface PC1 (Fig. 11e) shows that the
irculation anomalies were associated with both the anomalous north-
asterly wind and the Kuroshio intrusion. To better clarify this, we
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Fig. 11. Same as Fig. 10 but for the 50 m subsurface currents.

Fig. 12. Time series of surface (contours) and 50 m (shaded color) u, v flow velocity, eastward and northward surface wind stress along the 70 m isobath, for (a)–(d) 2007,
(e)–(h) 2011, and (i)–(l) 2014.

11
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Fig. 13. Subsurface (depth: 30–70 m) mean difference of circulation during July between Exp1 and modeled (a) 2014 (b) 2009 in the 35-yr run. Dark yellow vectors in (b) are
the wind stress differences between 2014 and the 35-yr mean. Only region shallower than 200 m-depth was shown. Subsurface momentum budgets averaged in the S1 and S2
regions in Exp1 are provided in (c) and (d), respectively. The black lines are the time-integrated tendency, indicating the variation of each velocity component.
conducted an additional experiment, Exp1, to demonstrate the pro-
cess associated with different forcings on the variability of subsurface
circulation. Among the strong positive phase year of subsurface PC1
(absolute value of PC1 > 0.5), 2009 was a strong Kuroshio intrusion
ear while 2014 was a strong anomalous northeasterly year. These
wo years are selected based on the significant Kuroshio mode (EOF2)
nd the atmospheric wind mode (EOF1), respectively (see Fig. 10). In
xp1, the 2014 atmospheric state is used to force the oceanic states
n 2009 (initial and boundary conditions). The circulation differences
etween Exp1 and the modeled 2014 in the 35-yr simulation shows the
nfluences of the Kuroshio intrusion and the Taiwan Strait inflow with
he same atmospheric state (shown in Fig. 13a). In Fig. 13a, there are
wo sites of the Kuroshio intrusion, one is at around 127◦–128◦E, and
he other is off northeastern Taiwan. The flow modulation is mostly
ccurred along the 100 m–200 m isobaths and confined to the eastern
art of the northern ECS. The enhanced circulation is also contributed
y the larger inflow through the Taiwan Strait in the southern ECS.
ote that the enhanced intrusion off northeastern Taiwan resulted in

he change of flow stream along the China coast. The flow stream moves
ffshore, causing a negative flow anomaly off the coast. Because of
he larger Kuroshio intrusion in the subsurface than the surface, the
onfinement of the bottom topography on the water column would
e more substantial when the Kuroshio intrusion is enhanced. This
ffshore movement is also presented in the surface EOF2 pattern (the
uroshio mode).

Furthermore, the differences between Exp1 and the modeled 2009
n the 35-yr simulation show the influence of the anomalous northeast-
rly subject to the same 2009 ocean state (shown in Fig. 13b). Here,
he Kuroshio intrusion and inflow from Taiwan Strait is regarded as
emote forcings. The basin-scale wind curls and ocean thermal states
ontrol the Kuroshio intensity that fundamentally changes the Kuroshio
ntrusion into ECS due to JEBAR. The magnitude of flow changes in
12
Fig. 13b is in the same order as that in Fig. 13a. Compared with
Fig. 13a, the change in Fig. 13b is more spatially in-phase since the
atmospheric forcing directly acts on the ocean surface. Moreover, the
spatial pattern of the circulation anomalies in the northern ECS shows
a westward shift. The pressure anomalies induced by the atmospheric
winds in the northern ECS could travel to the south through the
topography Rossby waves and be trapped in the south allowing energy
to accumulate locally.

To better demonstrate the different dynamical processes between
the wind induced and the Kuroshio induced modes, Fig. 13c shows the
momentum budget averaged within a box (S1 shown in Fig. 13a) in the
northeastern ECS in Exp1. Here, the tendency term equals to the sum
of the pressure gradient force, Coriolis, horizontal advection, vertical
advection, and vertical diffusion terms. The horizontal diffusion is neg-
ligible. The black lines show the time-integrated tendency, indicating
the variation of each velocity component. In S1, the Kuroshio forcing
is dominant. The northward flow change (positive in v-direction) after
6/30 is contributed by the horizontal advection while maintaining the
geostrophic balance. Fig. 13d shows the momentum budget averaged
in S2 (shown in Fig. 13b) in the inner shelf region in Exp1. In S2,
the local wind forcing is dominant. In addition to the vertical dif-
fusion (maximum around 7/9) and horizontal advection, the vertical
advection contributes remarkably to the flow change during 7/10-7/20,
indicating the breakdown of geostrophic, and the vortex stretching
offshore (or squeezing onshore).

In summary, the dynamical processes associated with the distinct
wind and Kuroshio intrusion modes are robust features resulting from
the direct local and remote forcings, respectively. This is further con-
firmed by another similar experiment (2007 for wind mode and 2004
for Kuroshio mode). The resulting flows show very similar modulation
patterns to those in Exp1 (Fig. 13a–b) (figure not shown). These sen-
sitivity experiments demonstrate the distinct roles of local wind and
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Fig. 14. The composites of Type I (a) salinity (b) temperature (c) density anomaly during July. (d)–(f) anomalous circulation (m/s) at 10 m, 40 m, and 70 m during July,
espectively.
emote Kuroshio intrusion on the interannual variability of ECS. The
omparison of Exp1 with our long-term simulation is representative
egardless of chosen years. Although the sensitivity simulations are
nly run for two months, the remote/surface forcing directly affect the
ubsurface and subsurface flow anomalies in the ECS.

. Summary

We investigated the long-term interannual changes of summer cir-
ulation and hydrology in the ECS using 35-year high-resolution ocean
odel simulation. The SST warming trend was considerably weaker

n summer than in winter. To the east of the Yangtze Estuary, the
nterannual variation of SST in summer was mainly dominated by
orizontal advection associated with variations in the Taiwan warm
urrent and heat flux in the offshore region north of the Yangtze
stuary.

The results of EOF analysis demonstrated the presence of the two
ajor types of ocean variability in the ECS (Table 1). Type I is the

ombination of negative surface and subsurface EOF1, and positive
urface EOF2. The combination represents an in-phase contribution
etween wind and Kuroshio forcing and between the surface and
ubsurface circulation that enhances the hydrological variability in the
CS. Fig. 14 summarizes the composite anomalies of Type I variability.
he eastward flow anomalies at the surface trigger enhanced coastal
pwelling accompanied by the increased subsurface Kuroshio intrusion.
his modulation favors mixing between the subsurface Kuroshio water
nd surface diluted water. Higher temperate and salinity anomalies
ere observed in the area around the Yangtze bank. Over the Yangtze
ank, the present negative salinity anomalies were associated with the
inimum velocity. Type II is the combination of positive surface and
13
subsurface EOF1, and negative surface EOF2. The composite anomalies
of type I and type II revealed generally opposite patterns. The freshwa-
ter in type II was trapped in the Yangtze Estuary region (Fig. 15). For
both Type I and II, the surface density and subsurface anomalies were
dominated by salinity and temperature, respectively. Overall, these
two types of variability represent in-phase relation of the surface and
subsurface EOF that enhances the hydrological variability. We note that
the typhoons passing by this region have a significant impacts on the
upper ocean in summer. These impacts on the surface and subsurface
circulations depend heavily on their paths and asymmetrical typhoon
wind patterns. Some typhoons with northward trajectories are associ-
ated with negative subsurface PC2 (surface PC1) (eg.1987, 1991 and
2006) since the southwesterly winds in the rear half of the typhoons
are stronger, while the typhoon with westward moving trajectories
(eg.1984 and 2014) could be associated with positive subsurface PC2
(surface PC1) since they bring easterly winds on the right side of the
storm tracks. These cases dependent processes may complicate the
analysis. The interannual variability of water mass may have large
implications for the biogeochemistry change in the ECS. Xu et al.
(2019) measured interannual changes in water mass variability in July
2009, 2010, 2011, and 2013 on the mid-shelf of the ECS, suggesting
significant effects of circulation change on phytoplankton variability.
Their hydrological results in 2009 and 2013 are consistent with Type I
anomalies.

Because of the presence of the Yangtze bank and enhanced strat-
ification in the study region, the surface and subsurface EOF modes
in circulation may be incoherent. For some years, wind anomalies
were observed only in the coastal region of China, resulting in anoma-
lous patterns, which combined surface EOF1 and subsurface EOF2
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Fig. 15. The composites of Type II (a) salinity (b) temperature (c) density anomaly during July. (d)–(f) anomalous circulation (m/s) at 10 m, 40 m, and 70 m during July,
respectively.
Table 1
The 2 types of anomaly based on the EOF results.

Type Year

I: Surface EOF1− & Subsurface EOF1− & Surface EOF2+ 1987a 1990 1991a

2000 2001 2004 2009
II: SurfaceEOF1+ & Subsurface EOF1+ & Surface EOF2− 1992 2007 2011 2014a

aYears with typhoon events.

(e.g., 2002, 2006, and 2008). In these years, the magnitudes of sub-
surface flow anomalies were smaller compared with typical Type I and
Type II, representing a possibly neutral status.

The variability and its associated cause of summer circulation and
hydrology have never been clarified in the ECS. The complex summer
current system in the ECS may be governed by local winds, riverine dis-
charge, Kuroshio intrusion, and Taiwan Strait inflow. Using a long-term
integration, high-resolution ocean model, we investigated interannual
changes in the inner shelf region of the ECS and their dynamics. The
summertime sea surface warming was weaker than that in winter due
to decreased surface Kuroshio intrusion. To the east of the Yangtze
Estuary, variations in local shortwave radiation compensated those in
the latent heat flux. Thus, the variation in SST in summer was mainly
dominated by horizontal advection associated with the change in the
intensity of the Taiwan warm current and the heat flux variation in
the shallow region (<40 m) north of the Yangtze Estuary. At the same
ime, changes in the East Asian summer monsoon modulated surface
irculation variability, whereas atmospheric wind anomalies above the
sushima Strait were associated with changes in subsurface circula-
ion. Enhanced northeasterly winds induced southwestward pressure
14
gradient anomalies south of the Cheju Island due to topographical
confinement. These anomalies may propagate to the south through
topographic Rossby waves. The anomalous winds modulated the in-
tensity of coastal upwelling and the Kuroshio intrusion, thus resulting
in different types of hydrological anomalies. The type I or type II
anomaly indicated the presence of a higher or lower Kuroshio water
concentration in the ECS inner shelf. Part of the intruded subsurface
Kuroshio water was lifted to the surface layer through coastal up-
welling. Differences between the concentration of the Kuroshio water
and the distribution of salinity affected the distribution and variation of
phytoplankton and thus are crucial for understanding biogeochemical
processes and ecosystems in the ECS.
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