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Abstract
The westward transversal current (TC) in the southern Yellow Sea entrance was investigated during winter 2007 using a
numerical ocean model. The three-dimensional structures and dynamics of the westward TC were highlighted. The
model-simulated monthly mean current fields showed that the strong westward TC was limited to the upper water
column (shallower than 50 m) and extended westward from 126° E to 124° E. Momentum balance analysis indicated
that the westward TC was mainly regulated by a quasi-geostrophic balance. Both the sea surface elevation–related
barotropic pressure gradient force and the density-related baroclinic pressure gradient force controlled the intensity
and direction of the westward TC. Sensitivity model experiments focusing on tide and wind demonstrated that the
westward TC was intensified when tide was ignored and was greatly weakened when wind was excluded. Lagrangian
particle tracking experiments were also performed, to investigate the relationship between the Yellow Sea Warm Current
and the westward TC in the frontal region. The characteristics of the water in the Yellow Sea Warm Current were
affected by the properties of the water in the frontal zone, especially in the sub-surface and lower layers. The westward
TC might act as an important bridge, connecting the frontal zone with the Yellow Sea Warm Current flowing along the
western Yellow Sea trough.

Keywords Southern Yellow Sea . Thermohaline front . Frontal circulation . Westward transversal current . Yellow Sea Warm
Current . Modeling study

1 Introduction

In the winter, both remote sensing and in situ hydrographic
data show a thermohaline front originating from Jeju-do and
invading the Yellow Sea (Asaoka and Moriyasu 1966; Nakao
1977; Lie 1984; Park and Chu 2006; Huang et al. 2010; Lin
et al. 2011; Lin and Yang 2011). The edges of this giant tongue
form sharp fronts where the warm Kuroshio saltwater meets
the cold costal freshwater (Lie et al. 2013, 2015; Lie and Cho
2016). The front extension of the tongue is usually inclined to
the north with increasing depth, forming a wedge-shaped
structure (Lie et al. 2013). This wedge-shaped front causes
frequent occurrences of temperature inversion within the fron-
tal zone (Kim et al. 1982; Hao et al. 2010; Lie et al. 2013,
2015; Pang et al. 2017). The northern front of the tongue
usually runs westward along 34° N, across the deep trough
of the southern Yellow Sea (Lie 1985); cold freshwater from
the southward Korea Coastal Current is found north of the
northern front, while warm saltwater from the Cheju Warm
Current is found south of the northern front (Lie et al. 2009).
To the south, the cold freshwater from the Chinese coast
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generally follows the southern front, flowing along the 50-m
isobaths in Changjiang Bank (Lie and Cho 2016). The ther-
mohaline front in the southern Yellow Sea is fundamentally
dynamic and thus holds a very prominent position, affecting
both regional circulation and the interactions between the
Yellow Sea and the East China Sea (Lie et al. 2009). The
hydrographic distribution associated with the frontal structure
also significantly affects thermohaline momentum, as well as
the rate of nutrient transport into the Yellow Sea interior (Guan
1962; Su et al. 2005; Lin et al. 2011; Jin et al. 2013; Liu et al.
2015).

The circulation of the southern Yellow Sea during the win-
ter has been well investigated (Lie et al. 2013, 2015; Lie and
Cho 2016). Previous observational and modeling studies in
the southern Yellow Sea identified two downwind coastal cur-
rents that bring cold freshwater southward: the Chinese
Coastal Current and the Korea Coastal Current (Lie 1984;
Guan 1994; Ichikawa and Beardsley 2002; Yuan et al. 2008;
Lie et al. 2013; Lie and Cho 2016). In opposition, the Cheju
Warm Current, carrying warm saltwater from the Kuroshio
system, flows northwestward around Jeju-do, south of the
northern front (Lie et al. 2013). Northwestward intrusions of
the ChejuWarm Current are occasionally observed, indicating
an upwind flow along the west flank of the Yellow Sea trough
(Lie et al. 2001, 2009); this flow is known as the Yellow Sea
Warm Current (Lie et al. 2001). The Yellow Sea Warm
Current is a striking winter phenomenon that exerts a strong,
dynamic, thermal influence on the Yellow Sea and the Bohai
Sea (Lie et al. 2001; Bao et al. 2004; Isobe 2008; Wei et al.
2010; Liu et al. 2015).

Although previous studies have reported detailed patterns
of regional circulation in the southern Yellow Sea, knowledge
of the current system in the frontal zone remains limited. This
is because circulation in the frontal region during the winter is
rather complicated, and observational data are extremely rare
due to intensive fishing activity (Lie et al. 2013, 2015). Based
on in situ data (conductivity‐temperature‐depth (CTD), float
trajectories, currents, and wind), Lie et al. (2013) proposed
regional circulation pattern in the frontal zone, emphasizing
that the cold water from the southward Korea Coastal Current
moves westward along the northern front before turning cy-
clonic around the warm tongue to run southeastward along the
southern front. Lie et al. (2013), relying on geostrophically
calculated currents and float trajectories, proposed a westward
transversal current (TC) flow, approximately along 34° N, and
a cold-water cyclonic front. The TC mixed with both cold
freshwater from the Korean coastal region and warm saline
water from Cheju Warm Current may have a crucial effect on
the regional circulation in this area.

The Yellow Sea Warm Current, originating from the warm
saline tongue (Lie et al. 2001), might be significantly influ-
enced by frontal circulation, as well as by the TC and other
currents. However, our understanding of frontal circulation, as

well as its impact on the Yellow Sea Warm Current, remains
limited, partly due to the lack of observations. In addition,
previous numerical models of the frontal structure and the
TC were not well resolved. The impact of the westward TC
on the Yellow SeaWarm Current still requires clarification. To
date, the most valuable observational study of the westward
TC comes from Lie et al. (2013), who provided evidence of
the westward TC via both geostrophically calculated currents
and float trajectories. Unfortunately, Lie et al. (2013) could not
characterize the structure of the westward TC in detail due to
observational limits.

Numerical ocean models are powerful tools with which to
investigate the characteristics and mechanisms of frontal cir-
culation. To our knowledge, one numerical model of the west-
ward TC is available, which is focused on the formation and
structure of the westward TC using a two-dimensional vertical
slice model (Oh et al. 2015). However, a more accurate and
reliable three-dimensional simulation based on realistic bathy-
metric and surface atmospheric forcing data would more fully
allow a diagnostic examination of frontal dynamics and circu-
lation, especially those of the westward TC.

Here, we first describe and validate our ocean model (Sect.
2). We then quantify the features of frontal circulation and the
westward TC (Sect. 3) and use sensitivity experiments to in-
vestigate the effects of tide and wind on frontal circulation and
the westward TC (Sect. 4). Next, we analyze the impact of the
westward TC on the Yellow Sea Warm Current (Sect. 5).
Finally, we discuss and summarize our results (Sect. 6).

2 Model description and model validation

2.1 Ocean model

In this study, we adopted the unstructured-grid Finite Volume
Community Ocean Model (FVCOM, Chen et al. 2003; Chen
et al. 2007), as this model has been frequently and successful-
ly used in previous multi-scale studies of ocean processes in
the Yellow Sea and the East China Sea (Chen et al. 2008; Xue
et al. 2009; Ding et al. 2011; Ge et al. 2015; Xuan et al. 2017).

Our model domain covered the Bohai Sea, the Yellow Sea,
and the East China Sea, extending from 21° N to 41° N and
from 117° E to 138° E (Fig. 1). Spatially, the horizontal reso-
lution varied from 1 km along the coasts of the Bohai Sea and
the Yellow Sea to 20 km at the open boundaries (blue dashed
line in Fig. 1), with 30 vertical layers of terrain-following
coordinates. The bathymetric data were obtained from
DBDB5 (US Naval Oceanographic Office 1983) and were
optimized in coastal area using marine navigational charts.
Surface-forcing data, consisting of sea-level pressure, sea sur-
face wind, long-wave radiation, short-wave radiation, air tem-
perature, relative humidity, precipitation, and evaporation,
were derived from the hourly dataset of the Climate Forecast
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System Reanalysis (CFSR) of National Center for
Environmental Prediction (NCEP, https://rda.ucar.edu/
datasets/ds093.1/). The surface latent and sensible heat flux
are calculated based on bulk formulation (Fairall et al. 1996).
No thermal correction to the heat flux was used in the model
simulations. Sea surface height, velocity, temperature, and sa-
linity were extracted daily from HYCOM (Hybrid Coordinate
Ocean Model, Bleck 2002; Chassignet et al. 2007), to provide
the initial conditions and the open boundary conditions. The
variables from HYCOM were interpolated onto the unstruc-
tured FVCOM grids. Tidal effects (i.e., M2, S2, N2, K1, O1,
Q1, M4, MS4, MN4) were obtained from TPXO 7.2 (Egbert
and Erofeeva 2002), in order to account for tidal forcing on
sea surface elevations and barotropic currents along the open
boundaries. Discharges from two major rivers (the
Changjiang and the Yellow River) were also included in the
model as mean monthly runoff volumes, provided by the
Bureau of Hydrology, Ministry of Water Resources, P. R.
China. Our model was previously used to investigate the syn-
optic variations of the Yellow Sea Warm Current (Ding et al.
2018).

In winter 2007, a mooring was deployed in the southern
Yellow Sea, close to the frontal region, by the First Institution
of Oceanography, State Oceanic Administration, (Fig. 1, M5).
Observations were made for more than 30 days, during which

time 12 additional coastal tide gauges along the Chinese coast
measured the sea level (Fig. 1). These long-term direct current
observations provided valuable insight into the Yellow Sea
Warm Current, even though the mooring was not directly
inside the frontal zone. In this paper, we mainly focused on
winter 2007. The simulation ran from January 1, 2005, until
December 31, 2007. The hourly outputs from January to
February 2007 were used for the following analyses.

2.2 Model validation

2.2.1 Sea level elevation

Sea level was investigated first (Fig. 2), after removing the
tidal signal using a 40-h low-pass filter (Beardsley and
Rosenfeld 1983). Sub-tidal variations in sea level were well
reproduced by our model at all 12 stations, as evidenced by
the strong correlation between the simulated time series and
the observed time series. Our model successfully
reproduced the dramatically sharp drop in sea level
(January 6–9 and February 14–17), which might have been
caused by winter storm outbreaks. It should be noted that
our model overestimated the sea level during two periods:
January 20–30 and February 10–25. In addition, a phase
shift was also identified between the model and the
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Fig. 1 Map of the studied region
and model domain including the
Bohai Sea, Yellow Sea, and East
China Sea. The gray lines denote
the isobaths. Blue dashed lines
denote the open boundaries of the
region model. The current
mooring stations (M3 and M5)
are marked by blue triangles. Red
dots denote the coastal sea-level
stations. The meridional transect
T1 and zonal transect T2 (red
lines) in the frontal region are se-
lected to show the vertical struc-
ture of the westward transversal
current. A zonal transect (T3) ex-
tending from the 50- to 70-m
isobath across the pathway of the
Yellow Sea Warm Current
(YSWC) is selected, and the vol-
ume transport is estimated.
Transect T4 is chosen to evaluate
the effect of Korea Coastal
Current and Cheju Warm Current
on the TC. The black dot (N) in
the frontal region denotes a sta-
tion where the currents, tempera-
ture, and salinity are sampled
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observations at Lvsi, which might have arisen due to the
coarse resolution and bathymetric errors that are common
in complex coastal area.

2.2.2 SST

Sea surface temperature (SST) is a key variable in frontal
studies. The daily SST in the regionmodel was comparedwith
the satellite-derived SST from Moderate Resolution Imaging
Spectroradiometer (MODIS-Aqua) with spatial resolution of
4 km. The monthly mean SST in the region model was also
compared with the MODIS data and shown in Fig. S1 in the

Supplementary Material. As the SST data fromMODIS in the
Yellow Sea are often missed at daily interval, we only obtain-
ed several days when the daily SST data cover nearly the
whole Yellow Sea. Thus, we selected days 19, 23, 26, and
27 in February to compare with the model results (Fig. 3). It
can be seen that the spatial patterns of the SST were similar
between the model and the observations, especially the warm
tongue and the thermal fronts. The water temperature is rela-
tively high in the region southeast of Jeju-do and is lower in
the shallower Yellow Sea. The most important feature in this
region is the warm tongue with temperature higher than 12 °C
extending northwestward into the Yellow Sea (YS) interior,
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Fig. 2 Comparison of sub-tidal sea level elevations at the 12 coastal
stations during winter 2007 between model results (red) and the observa-
tions (black). The correlation coefficients between the model-simulated

and observed sea level time series are also embedded in the figure. This
comparison of sea level elevation can also be found in Ding et al. (2018)
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which can be noted in both the satellite data and model results.
Sharp fronts appeared when the cold coastal water met the
warm water from the Kuroshio; the Kuroshio water occupied
a vast region south of Jeju-do and formed the giant warm
tongue. A cold tongue extending southeastward from China

coast can also be noted in both the observations and simula-
tions. The sharp front north and southwest of Jeju-do was also
reproduced by the model. A separation of the warm tongue
toward the Korea coast can often be seen, such as on February
23 and 26. This branch of the warm tongue was captured by
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the model but was often overestimated, such as on days 19 and
27 of February. The warm tongue in the model sometimes
extended further northward compared with the satellite data
(February 19 and 26). The discrepancy between the satellite
data and model might be mainly due to the inaccuracy of the
surface-forcing data (including wind and heat flux) used in the
model. It should also be noted that the model that simulated
the spatial pattern of the SST was too smoothed compared
with that from the MODIS data. This may be caused by the
too strong diffusion in the model setup. The horizontal diffu-
sion coefficient was set to be 0.2 in the current model simula-
tions, which seemed to be too large for the southern Yellow
Sea region. Besides, the horizontal resolution of the model
mesh may be not high enough to resolve the finer structures
of the SST in the YS.

2.2.3 Sub-tidal currents and circulation pattern
around the frontal zone

Modeled and observed sub-tidal currents at mooring station
M3 were compared (Fig. 4a). We found that the model gener-
ally captured the low-frequency variations in the currents at
M3 (Fig. 4a). Both the observations and the model simulations
identified significant synoptic variations in the current at the
mooring station. It should be noted that the simulated current
was more barotropic with less vertical shear compared with
the observations. The station M3 is located in the end of the

Yellow Sea Warm Current, and the current at this station is
featuredwith strong synoptic variability. Themodel results are
often not good especially when the observed current is too
weak. However, the episodic northwestward current bursts
during multiple winter storm bursts can generally be resolved
by the model. For example, current fluctuations during the
storm event (January 6–9) were accurately captured by the
model. There were some discrepancies in current magnitude
and direction between the model-simulated time series and
observed time series, which may be mainly caused by the
inaccurate surface wind forcing and bathymetry. Moreover,
the vertical resolution of the model may also influence the
simulated results. Although we did not obtain data frommoor-
ing station M5 (deployed by the First Institution of
Oceanography, State Oceanic Administration at 73-m depth
in the western Yellow Sea at about 34.67° N; Yu et al. 2010),
we did check the figure of observed low-passed currents in
January 2007 (Fig. 7 in Yu et al. 2010). A strong, stable north-
westward Yellow Sea Warm Current was identified during
January 5–22 in both the observed data (Fig. 7 in Yu et al.
2010) and our model results (Fig. 4b).

Current simulations were also validated by comparing the
circulation pattern with that projected based on in situ CTD
data and float trajectories (Fig. 5; Lie et al. 2013; Lie and Cho
2016). The Tsushima Warm Current and the Cheju Warm
Current from Kuroshio were reasonably resolved (Fig. 5b).
Additional circulation patterns were also well modeled,
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including the southward Korea Coastal Current along the
Korean coast, the westward TC along the northern warm
tongue, the cyclonic turning of the TC at the tip of the warm
tongue, and the merging of the TC with the southeastward
outflow from the Chinese Coastal Current along the 50-m
isobath; these patterns were consistent with previous findings
(Lie et al. 2013; Lie and Cho 2016).

It should be noted that the intensity of model-simulated
Cheju Warm Current was relatively weaker compared with
the observations as also mentioned by one of the reviewers.
The simulated monthly mean current in January and February
2007 focusing on the ChejuWarm Current is shown in Fig. S2
in the Supplementary Material. The Cheju Warm Current was
very weak in the monthly mean field of February (Fig. S2b, d,
f). Although the monthly mean Cheju Warm Current in
January was not strong enough, the anti-cyclonic turn of the
ChejuWarmCurrent was generally resolved. From themonth-
ly mean wind from CFSR in January and February 2007, we
can note that the northwesterly wind was greatly decreased in
the Yellow Sea in February (Fig. S3b). We also checked the
simulation results in the winter of year 2017 (Fig. S4). The
cyclonic Cheju Warm Current was obvious in both January
and February 2017, especially in lower layers (30-m and 50-m
depth). Wind forcing indicated that both January and February
of year 2017 featured strong northwesterly wind in the Yellow
Sea. Therefore, the simulated intensity of the Cheju Warm
Current may be closely related to the wind forcing in winter.

The mean current averaged over January 1–5, January 6–
10, and January 11–15 is shown in Fig. S5 in the
Supplementary Material. It is interesting to note that pattern
of the Cheju Warm Current was quite different for the three
periods during January. The water generally moved eastward
south of Jeju-do, and the ChejuWarm Current was not present
during January 1–5 (Fig. S5a, d, g). There was significant
northwestward intrusion southwest of Jeju-do for Cheju

Warm Current during the period of January 6–10 (Fig. S5b,
e, h). The anti-cyclonic turn of the Cheju Warm Current
around the Jeju-do was obvious during the time of January
11–15 (Fig. S5c, f, i). The surface wind field during the three
periods also showed very different patterns (Fig. S6), which
further tells us that the simulated pattern of the Cheju Warm
Current may be highly affected by the surface wind. On the
other hand, the variations of the Cheju Warm Current may be
closely correlated with the Kuroshio. Therefore, variability of
the Kuroshio may lead to changes of the intensity of the Cheju
Warm Current. It should also be kept in mind that the inaccu-
rate surface wind forcing and bathymetry around the Jeju-do
area can affect the simulation of the Cheju Warm Current.
Moreover, the uncertainty of the open boundary for the
Kuroshio may also lead to discrepancy in simulating the
Cheju Warm Current.

3 Model-simulated circulation in the frontal
zone in winter 2007

3.1 Formation and evolution of the front

The front in the southern Yellow Sea entrance is mainly re-
sponsible for driving the westward TC. Therefore, we first
discuss the formation mechanism and evolution of the thermal
front in the southern Yellow Sea entrance. It should be noted
that the main processes determining the northern thermal front
have been investigated by Wang et al. (2012). The cold water
advected by the southward coastal current driven by
northernly wind and the local cooling during the winter season
control the mean meridional location of the northern thermal
front in the southern Yellow Sea entrance. They also sug-
gested that the intensity of the northern thermal front was
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related to the warm water originated from the Yellow Sea
Warm Current south of the front.

Figure 6 shows the evolution of monthly mean surface
current and temperature at 10 m from September 2006 to
August 2007. In September and October (Fig. 6(a), (b)), there
was no signal for the front as the temperatures were generally
high exceeding 24 °C in most area of the southern Yellow Sea
except the coastal region west of Korea. The thermal front
began to form in November when the shallower southern
Yellow Sea became colder. The front gradually strengthened
from December to February and reached maximum intensity
in February (Fig. 6(d)–(f)). The cyclonic frontal circulation
also became robust in January and February (Fig. 6(e), (f)).
The front and cyclonic frontal circulation still existed in early

spring of March and April with reduced intensity (Fig. 6(g),
(h)). The front began to disappear in May as the water in the
southern Yellow Sea became warmer and warmer. The frontal
circulation also cannot be detected from late spring until late
autumn. We can also note that the thermal front cannot occur
in summer and early autumn months, when most regions of
the southern Yellow Sea were characterized by higher water
temperature (Fig. 6(j)–(l)).

To further illustrate the formation mechanism of the ther-
mal front, a transect crossing the coastal region of Korea and
also the region south of Jeju-do (T4 in Fig. 1) was chosen to
show the meridional current velocity and temperature during
different months (Figs. 7 and 8). We can note that the north-
ward TsushimaWarm Current and ChejuWarm Current south
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Fig. 6 Model-simulated monthly mean current and temperature at 10-m depth in the frontal region from September 2006 to August 2007
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of the Jeju-do were present in each month during the whole
year. However, the condition for the southward Korea Coastal
Current was different. The southward Korea Coastal Current
mainly occurred from November to March and was able to
bring the cold freshwater southward to the frontal region. The
temperature distribution along transect T4 showed that the
water was more stratified during summer and early autumn
months, which was not favorable for the formation of the
thermal front. It can also be noted that the water was well
mixed due to strong wind in winter. During winter the region
north of Jeju-do lost much more heat than the southern region
due to shallower water depth, which caused the temperature to
be much lower in the north than that in the south. On the other
hand, the southward Korea Coastal Current fromNovember to
March (Fig. 7(c)–(g)) was significant and advected the colder
water southward (Fig. 8(c)–(g)), meeting the relatively warm-
er water from the Tsushima Warm Current and Cheju Warm
Current and was essential for the formation of the front in the
southern Yellow Sea entrance.

It can be concluded based on the above analysis that the
nonuniform heat loss causes much lower temperature in the
shallower coastal region north of Jeju-do, which is important
for the meridional temperature gradient in the frontal region.
On the other hand, the northward TsushimaWarmCurrent and
Cheju Warm Current south of Jeju-do bring warmer water

northward and the Korea Coastal Current advects colder water
southward, which is also crucial for the formation of the front
in the southern Yellow Sea entrance.

3.2 Horizontal distribution of the frontal circulation

The monthly mean currents and temperatures at depths of
10 m, 30 m, 50 m, and 70 m in the southern Yellow Sea in
January and February 2007 were simulated using the model
(Fig. 9). The cyclonic circulation around the warm tongue was
clear in the upper layer (Fig. 9(a)–(d)), but this circulation
pattern was less obvious with increasing depth. At 10 m deep,
cyclonic circulation around the warm tongue dominated, in
contrast to the anti-cyclonic Cheju Warm Current around
Jeju-do (Fig. 9(a), (b)). The currents flowed westward along
the northern front, made a cyclonic turn around the western tip
of the front, and continued to move southeastward along the
southern front. This pattern was consistent with the results of
previous studies (Lie et al. 2013; Lie and Cho 2016). In the
lower layer, the cyclonic circulation around the warm tongue
weakened noticeably (Fig. 9(e), (f)), and disappeared in the
bottom layer (Fig. 9(g), (h)). In the bottom layer (70-m depth),
the cyclonic circulation around the front was replaced by the
northward Cheju Warm Current.
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The westward TC in the northern front zone was most
remarkable at the surface, with maximum magnitude exceed-
ing 15 cm/s. The velocity of the TC decreased gradually with
depth, consistent with observations in this region (Lie et al.
2013; Oh et al. 2015). In the surface layer (10-m depth), the
westward TC appeared to be a continuation of the southward
Korea Coastal Current. However, in the sub-surface layer
(30 m), both the cold, fresh, southward Korea Coastal
Current from the north and the warm, saline, northwestward
Cheju Warm Current from the south contributed to the west-
ward TC. At 50-m depth, the westward TCwas weaker, with a
velocity of only 5 cm/s, and was closely related to the north-
westward intrusion of the Cheju Warm Current. However, the
westward TC was not observed at 70-m depth. Notably, the
westward TC extended in the east-to-west direction from 126°
E to 124° E. The horizontal scale of the TC is estimated to be
100–200 km in the east-west direction and 50–70 km in the
north-south direction, which is much larger than the first
baroclinic Rossby radius of deformation (Fig. S7 in the
Supplementary Material). Part of the water from the westward
TC was advected northwestward and joined the Yellow Sea
Warm Current at 30-m depth. The westward TC was

connected directly to the Yellow Sea Warm Current in the
western Yellow Sea trough at 50-m depth.

The sea surface height in January and February 2007 was
also embedded in the surface (10-m depth) current field
(Fig. 10). The region west of Jeju-do was characterized by a
low sea surface height and a sea level gradient that increased
in the meridional direction. We also showed the sea surface
height and surface current derived from Archiving, Validation
and Interpretation of Satellite Oceanographic data (AVISO) (c,
d) and HYCOM (e, f). It can be noted that the model-
simulated sea surface height was higher than that from the
AVISO and HYCOM models. In addition, both our model
and HYCOM resolved the TC although the intensity of the
TC was relatively weaker in the HYCOM model. However,
the satellite-derived surface geostrophic currents did not show
the westward TC in the region northwest of the Jeju-do.

3.3 Vertical structure of the westward TC

The zonal current component (u velocity), temperature, salin-
ity, and density were sampled along the meridional transect T1
to investigate the vertical structure of the westward TC during
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winter 2007 (Fig. 11). The location of transect T1 is marked in
Fig. 1. The westward TC extended from the surface to the
near-bottom layer in the vertical direction. The magnitude of
the westward TC was greatest in the surface layer (velocity >
15 cm/s) and gradually decreased with increasing depth. The
magnitude of the westward TC was generally greater than
10 cm/s in layers shallower than 30 m deep. The width of
the westward TC in the zonal direction was estimated at about
70 km, and the current axis was located approximately along
33.8° N. There were obvious differences between January and
February: the westward TC in February was stronger than the

westward TC in January. Warm saltwater from the south met
cold freshwater from the north in the frontal region, which
also resulted in a strong density gradient (Fig. 11(g), (h)).
Therefore, the thermohaline front was found along transect
T1 (Fig. 11(c)–(f)); this corresponded to the maximum mag-
nitude of the westward TC.

We used a zonal transect (T2) across the southern Yellow
Sea to sample the current in the southern entrance to the
Yellow Sea (Fig. 12). In Fig. 12, the zonal current component
(u velocity) along transect T2 is shown in the upper panel and
the meridional current component (v velocity) is shown in the
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lower panel. Current patterns were similar in January and
February. The westward current predominated along the entire
transect, with two exceptions: the near-bottom layer in the east
and the surface layer in the west. The strong westward TCwas
mainly limited to the upper layer (shallower than 50 m) and
extended from 126° E to 124° E. The westward TC decreased
sharply to the west, with the magnitude weakening to 2 cm/s
around 123° E (Fig. 12(a), (b)). In the meridional direction,
there was a two-layer current pattern along transect T2, with a
southward current in the upper layer and a northward current
in the lower layer. Northward currents in the eastern transect
correspond to the Cheju Warm Current, while the northward
Yellow Sea Warm Current was found mainly in the bottom
layer of the western transect around 123° E. The southward
currents in the upper layer bring cold freshwater to the

northern front, while the northward currents in the lower layer
advect warm saltwater to the northern front; these currents
normally give rise to the temperature inversions observed in
the frontal region (Lie et al. 2015).

We also checked the vertical structure of the TC based on

the thermal wind relation as f ∂u
∂z ¼ 1

ρ0

∂ρ
∂y, − f

∂v
∂z ¼ g

ρ0

∂ρ
∂x. The

vertical shear of horizontal current for the TC was calculated
using the thermal wind balance at station N. The horizontal
density gradient was adapted from the model results.
Figure 13 (a)–(f) show the comparison of vertical shear of
TC at station N during the three winter months between the
results from thermal wind relation and numerical model. It can
be noted that the model-simulated vertical shear of the TC
generally agrees with the thermal wind balance during winter
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months. Larger discrepancy mainly occurs in the meridional
direction (dv/dz). If we assume that the bottom current veloc-
ity from the thermal wind relation equals that of the model
results, we will obtain the vertical distribution of current vec-
tors from the thermal wind relation (Fig. 13(g)–(l)). From the
comparison results, we can see that the vertical structure of the
TC estimated based on the thermal wind balance is very sim-
ilar to that from the model simulations during the three winter
months. It should be noted that the TC is mainly directed
westward with the zonal current component much larger than
that of the meridional current component. On the other hand,
the density gradient in the zonal direction is more difficult to
simulate accurately compared with the density gradient in the

meridional direction. Therefore, the vertical structure for the
meridional current component is more difficult to reproduce.

3.4 Momentum balance of the westward TC

To examine the dynamics of the westward TC, we performed
a momentum balance analysis. The momentum terms in the
momentum balance equations were derived based on samples
taken from the model results during January and February
2007 at station N (Fig. 1), where the westward TC was dom-
inant. The vertical distributions of currents and momentum
terms at station N were determined (Fig. 14). The flow satis-
fied the conditions of a quasi-geostrophic current. In the
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meridional momentum equation, the westward current pre-
dominated throughout the water column (Fig. 14(a), (d)). In
the upper layer of the water column (< 10 m), the westward
TC generally exhibited a geostrophic balance, where the me-
ridional barotropic pressure gradient force was largely equiv-
alent to the Coriolis force (Fig. 14(c), (f)). In the lower layer,
the baroclinic pressure gradient force became increasingly

important as depth increased; in these layers, the barotropic
pressure gradient force was balanced by combined effects of
the baroclinic pressure gradient force and the Coriolis force. In
addition, the vertical diffusion term and horizontal advection
term functioned as second-order terms in the meridional mo-
mentum equation. In the zonal momentum equation
(Fig. 14(b), (e)), the flow of the TC was dominated by a more
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complicated process, in which the surface elevation–related
barotropic pressure gradient, the baroclinic pressure gradient,
the Coriolis force, and the vertical diffusion term were all
important and of the same order of magnitude. The zonal
Coriolis force changed direction at approximately 50–60 m
deep, which indicated a meridional flow reversal in the verti-
cal. The meridional current component featured a southward
flow in the upper layer and a northward flow in the lower
layer; this pattern was reflected in the current field (Figs. 9
and 12). Similar to the meridional momentum equation, the
baroclinic pressure gradient force in the zonal momentum
equation also increased with depth. It was worth noting that
the monthly average flowwas not in a steady state and that the
westward TC changed slowly over time.

4 Effects of tide and wind on frontal
circulation

The Yellow Sea is characterized by strong tides (Moon et al.
2009). Tide plays an important part in regional mean

circulation in the Yellow Sea because residual currents interact
in a nonlinear manner with the topography of the sea floor (An
1977; Choi 1990; Kang et al. 1998; Lee and Beardsley 1999;
Kang et al. 2002; Xia et al. 2006; Moon et al. 2009). When
investigating frontal circulation and the westward TC in the
northern frontal region, Lie et al. (2013) suggested that some
wind-driven models might not effectively resolve westward
TC and frontal circulation patterns because tidal forcing was
neglected. Lie and Cho (2016) also suggested that tidal forc-
ing should be included in numerical models to better repro-
duce the westward TC in the frontal region. However, the
surface wind is one of the main forces driving regional circu-
lation in the Yellow Sea during the winter (Lin et al. 2011; Lie
et al. 2013). The winter wind affects the path and the intensity
of the Yellow SeaWarm Current (Mask et al. 1998; Wan et al.
2015). The southward coastal currents along both coasts of the
Yellow Sea can be strengthened by strong northerly winter
winds (Moon et al. 2009). The intermediate northwestward
intrusion of the Cheju Warm Current southwest of Jeju-do
may be closely associated with northerly wind bursts (Lie
et al. 2013). Therefore, to determine the effects of tide and
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wind on the frontal circulation and the westward TC, we per-
formed sensitivity experiments, which focused on both tide
and wind, as we know that the wind forcing has a great effect
in the heat flux calculation based on the bulk formula.
Therefore, excluding wind in the model not only affects the
advection effect induced by wind-driven currents but also in-
fluences the net heat flux. To eliminate the effect of wind

forcing on the heat flux calculation, the heat flux was no
longer calculated using the bulk formula in the experiment
without wind. Instead, we used the net heat flux and short-
wave radiation directly output from the control run to drive the
no-wind case. Therefore, the net heat flux used in the no-wind
experiment was the same as that used in the control run.
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We compared control run with experiments excluding wind
and withmodels excluding tide (Figs. 15(b), (e), (h) and 16(b),
(e), (h)). In particular, we investigated circulation and temper-
ature at upper layers (5 m, 10 m, and 15 m) in January and
February 2007, as the TC mainly located in the upper layers.
When tide was excluded from the model (Figs. 15(b), (e), (h)
and 16(b), (e), (h)), the model-simulated Yellow Sea Warm

Current along the western Yellow Sea was intensified. In ad-
dition, temperature distributions indicated that the warm
tongue extended further northwestward into the Yellow Sea
interior when tidal forcing was ignored. It is also important to
note that both the model-simulated southward Korea Coastal
Current and the northward Cheju Warm Current were
strengthened in the non-tidal case, which causes the northern

(a) Control 5 m

10 cm/s

31

32

33

34

35

36

37

L
at

it
u
d

e
(°

N
)

(b) No tide 5 m (c) No wind 5 m

(d) Control 10 m

31

32

33

34

35

36

37

L
at

it
u

d
e

(°
N

)

(e) No tide 10 m (f) No wind 10 m

(g) Control 15 m

123.0 124.5 126.0 127.5

Longitude (°E)

31

32

33

34

35

36

37

L
at

it
u

d
e

(°
N

)

4 6 8 10 12 14 16 18

(h) No tide 15 m

123.0 124.5 126.0 127.5

Longitude (°E)

(i) No wind 15 m

123.0 124.5 126.0 127.5

Longitude (°E)

Fig. 16 Monthlymean current and temperature at 5-m, 10-m, and 15-m depth during February 2007 for control run (a, d, g), no-tide experiment (b, e, h),
and no-wind experiment (c, f, i)

Ocean Dynamics (2020) 70:803–825 819



front to be stronger. Notably, the cyclonic circulation around
the warm tongue disappeared in the model without tide. The
southeastward outflow along the western front was replaced
by northwestward current. Currents, temperatures, and salin-
ities differed between the with-tide (control) and without-tide
experiments (Fig. S8c, d). The simulations of the without-tide
model indicated that temperature and salinity along the west-
ern Yellow Sea trough increased 1–2 °C and 1–2 psu (Fig.
S8c, d), respectively, due to the intensification of the north-
westward Yellow Sea Warm Current. However, the without-
tide model simulations also indicated that temperature and
salinity north of the northern front decreased, suggesting that
more cold freshwater was advected by the intensified south-
ward Korea Coastal Current. It can also be seen that the stron-
ger northward Cheju Warm Current transported more warm
saline water to the northern front. Therefore, the density gra-
dient in the meridional direction for the northern frontal zone
was strengthened and the northern front became stronger,
which led to a stronger TC in the non-tidal case.

The tidal residual current was obtained using a model that
included tidal forcing only (Fig. S8e). In this experiment, the
southward and southeastward tidal residual currents dominat-
ed the western Yellow Sea. In particular, southeastward resid-
ual currents off the Changjiang Bank were obvious. The re-
sults of our without-tide model experiment were consistent
with those of Lie et al. (2009). Interestingly, previous model-
ing studies suggested that the northwestward upwind flow
along the western Yellow Sea entrance was resolved in an
ocean model that did not include tide (Jacobs et al. 2000;
Ma et al. 2006). It is important to note that the intensity of
the tide-rectified residual current is much smaller in magni-
tude compared with the control run. Therefore, the tidal resid-
ual current alone may make minor contribution to the frontal
circulation in the southern Yellow Sea. Instead, the mixing
and dispersion process associated with tidal forcing may act
as a more important factor affecting the structure of density
field and thus modify the pattern of the regional circulation in
the frontal region. Besides, the friction can be intensified in
association with strong tidal current in the shallow coastal
region, which tends to decrease the southward Korea
Coastal Current (Moon et al. 2009) as also mentioned by
one of the reviewers. From the current field and temperature
in the non-tidal case (Figs. 15(b), (e), (h) and 16(b), (e), (h)),
we can also note that both the southward Korea Coastal
Current and the northward Cheju Warm Current were intensi-
fied when tidal forcing is removed and the northern front
become stronger, which resulted in a stronger TC.

When wind was excluded from the model (Figs. 15(c), (f),
(i) and 16(c), (f), (i)), the cyclonic frontal circulation around
the warm tongue remained, although with decreased intensity.
It is important to note that both the southward Korea Coastal
Current and northward Cheju Warm Current were greatly re-
duced, and the westward TC was also clearly weakened. This

suggested that both the southward Korea Coastal Current and
northward Cheju Warm Current contributed to the westward
TC, consistent with the results of Lie et al. (2013). The tem-
perature distributions and temperature differences (Fig. S8g)
in the model-simulated Yellow Sea showed that the warm
water intrusions in the southern Yellow Sea entrance and the
western Yellow Sea trough were also reduced when winter
wind was ignored. From the current and temperature field in
the no-wind run, we can note that both the southward transport
of colder water from the Korean coastal region and northward
advection of warmer water from the region south of Jeju-do
were significantly reduced due to the weakened Korea Coastal
Current and Cheju Warm Current. As a result, the temperature
and salinity differences simulated by the without-wind model
indicated weakened density gradient in the northern frontal
region, which induced a much weaker TC. Comparisons
among the three experimental models suggested that both tidal
forcing and wind forcing were very important for the west-
ward TC along the northern front.

The sea level, temperature, and salinity gradients along
transect T1 simulated by the three models were examined
(Fig. S8 f, g, and h). In the experiment excluding both tide
and wind, the sea level gradient in the meridional direction
generally decreased along most of the transect; the sea level
gradient decreased further in the models excluding wind only.
However, in the without-tide model, the temperature gradient
in the meridional direction along the transect increased, while
the salinity gradient increased in the transect south of 33.9° N,
and decreased in the transect north of 33.9° N. Notably, the
temperature and salinity gradients around the northern front
were weaker in the model that ignored wind (Fig. S8j, k, black
lines). Thus, we concluded that tidal and wind forcing not only
influenced the sea surface elevation–related barotropic pres-
sure gradient but also modified the baroclinic gradient; both of
these gradients affected the intensity of the frontal circulation
and of the westward TC in the frontal zone. When tide was
excluded from the model, more warm saltwater was
transported from the south, and more cold freshwater moved
to the frontal region from the north due to intensification of
both the Cheju Warm Current and the Korea Coastal Current.
This intensified the northern front in the Yellow Sea entrance
and gave stronger westward TC. However, both the north-
westward intrusion of the warm, saline Cheju Warm Current
and the southward intrusion of the cold, fresh Korea Coastal
Current were weakened when wind forcing was ignored, de-
creasing the density gradients, leading to much weaker TC.

5 Relationship between the westward TC
and the Yellow Sea Warm Current

In winter, the Yellow SeaWarm Current, which may be close-
ly related to the warm, saline tongue in the frontal region (Lie
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et al. 2009; Lie et al. 2013), acts as an important link between
the East China Sea and the Yellow Sea: the Yellow Sea Warm
Current advects warm saltwater from the frontal zone to the
Yellow Sea interior (Lie et al. 2009; Lin et al. 2011). Lie et al.
(2009) argued that the Yellow Sea Warm Current was associ-
ated with the occasional collapse of the thermohaline front in
response to winter storm bursts. Observed trajectories of floats
deployed in the frontal region also indicate that the westward
TC transports water along the northern front westward across
the Yellow Sea trough (Lie et al. 2013). This frontal water then
intrudes northwestward into the Yellow Sea Warm Current.
Interestingly, our model results (Sect. 3.1) suggested that part
of the water from the westward TC continued to move north-
westward and joined the Yellow Sea Warm Current in the
western Yellow Sea trough (Fig. 9). This finding raised two
questions. First, is there a close link between the westward TC
and the Yellow SeaWarm Current in the Yellow Sea? Second,
are the properties of the water in the Yellow SeaWarmCurrent
influenced by the frontal circulation in the southern Yellow
Sea entrance? We aimed to answer these questions using our
model.

5.1 Volume transport of the westward TC
and the Yellow Sea Warm Current

Based on the path of the westward TC and the northwestward
Yellow Sea Warm Current along the western Yellow Sea
trough, we focused on two transects: the meridional transect
T1 and the zonal transect T3, stretching from the 50- to 70-m
isobaths along 35° N; the locations of both transects are shown
in Fig. 1. We calculated the time series of volume transport
through each transect based on our model results (Fig. 17).
The positive transport values indicated westward transport
induced by the TC and northward transport related to the
Yellow Sea Warm Current. It is worth noting that the two
volume-transport time series, describing the westward TC
and Yellow Sea Warm Current, were closely related. The var-
iations in Yellow Sea Warm Current transport were closely
associated with those in TC transport. The correlation coeffi-
cient between the two volume-transport time series was esti-
mated at 0.55 (> 95% confidence). When the westward

transport of the TC increased, the northward transport of the
Yellow SeaWarm Current also increased, and vice versa. This
correspondence was especially obvious during the two storm
events (January 5–10 and February 12–17). The transport
values for both the TC and the Yellow Sea Warm Current
peaked during these storm events, and the significant fluctua-
tions in volume transport through the two transects were con-
gruent. This might reflect the close association between the
westward TC and the Yellow Sea Warm Current.

5.2 Lagrangian particle tracking experiments

To further examine the relationship between frontal circula-
tion and the Yellow Sea Warm Current during the winter, we
performed Lagrangian particle tracking experiments (Fig. 18).
Particles (black dots) were first released at 10-m, 30-m, and
50-m depth in two regions (west of Korea and south of Jeju-
do) to track the movements of cold freshwater from the Korea
Coastal Current and warm saltwater from the Cheju Warm
Current, respectively (Fig. 18(a)–(c)). The particles were re-
leased on December 20, 2006, and tracked for more than
4 months.

For the particles released at 10-m depth (Fig. 18(a), blue
lines), most of particles from the Korea Coastal Current
moved southward to the northern front and continued to prog-
ress westward along the northern front without crossing the
front. The particles then moved cyclonically around the west-
ern tip of the front and continued to shift southeastward, with-
out escaping from the warm tongue. The trajectories of these
particles were consistent with the modeled circulation patterns
(Fig. 9(a), (b)). The particles released south of Jeju-do moved
northward and bifurcated when encountering Jeju-do, with
some of the particles turning anti-cyclonically around Jeju-
do. Notably, no surface particles were observed to join the
Yellow Sea Warm Current. However, one particle moved
westward as far as 123° E before it turned southeastward to
join the Southeastward Outflow. At 30-m depth (Fig. 18(b)),
the particles from the Korea Coastal Current and those from
the ChejuWarm Current met in the frontal region west of Jeju-
do. Some particles originating from the Korea Coastal Current
were transported northwestward into the western Yellow Sea

Fig. 17 The volume transport
across transects T1 and T3 for the
westward TC (blue) and YSWC
(red)
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and joined the Yellow Sea Warm Current. At 50-m depth
(Fig. 18(c)), some of the particles from the Cheju Warm
Current moved to the frontal zone and then continued to prog-
ress northwestward to the western Yellow Sea.

The westward TC is closely related to advection of cold
freshwater from the southward Korea Coastal Current and the
warm saltwater from the ChejuWarm Current (Lie et al. 2015;
Lie and Cho 2016). Based on our experimental models, the
properties of the surface (10 m) water in the frontal region
were more strongly influenced by the cold freshwater from
the southward Korea Coastal Current. However, the sub-
surface water (30 m) in the frontal region mixed with both
the cold freshwater from southward Korea Coastal Current
and warm saltwater from the northward Cheju Warm
Current. In the deeper layer (50 m), the characteristics of the
water in the frontal region were mainly determined by the
northwestward intrusion of the Cheju Warm Current.

Another experiment was performed with particles released
in the frontal region, to track the movement of the frontal
water. At 10-m depth (Fig. 18(d)), most of the particles moved
cyclonically around the warm tongue and were transported
southeastward to join the Cheju Warm Current. Then, the
particles moved northward, along with the Cheju Warm
Current, and entered the Tsushima Strait. At 30-m depth
(Fig. 18(e)), some particles in the frontal region moved north-
westward into the Yellow Sea Warm Current and then were

transported northward along the western trough. Importantly,
the trajectories of these particles were consistent with the path
of the Yellow Sea Warm Current. However, some particles
appeared to become trapped in the frontal region. At 50-m
depth (Fig. 18(f)), the particles released in the frontal region
mainly moved northwestward, which indicated the trajectory
of the Yellow Sea Warm Current.

It can thus be concluded that the water in the frontal
region typically mixes with both the cold freshwater from
the north and the warm saltwater from the south. Both the
southward Korea Coastal Current and northward intrusion
of the Cheju Warm Current contributed to the water fea-
tures in the frontal zone. Based on the particle trajectories
in the experimental models, some of the water in the fron-
tal region, particularly from the sub-surface and bottom
layers, was transported northwestward into the Yellow
Sea interior by the Yellow Sea Warm Current. Therefore,
the properties of the water in the frontal region partially
determined the character of the Yellow Sea Warm Current.
In the northern frontal region during the winter, the west-
ward TC transported water in the eastern Yellow Sea
westward along the front, across the deep trough in the
southern Yellow Sea entrance. Lie et al. (2013) proposed
that the westward TC was a continuation of southward
Korea Coastal Current. The results of our Lagrangian ex-
periments were consistent with this theory. However, we
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also found that the westward TC connected the frontal
zone to the Yellow Sea Warm Current.

6 Conclusions

Here, we characterized the spatial distributions and the de-
tailed structures of the westward TC and the frontal circulation
in the southern Yellow Sea entrance during the winter using a
three-dimensional ocean model. Model-data comparisons in-
dicated that our model accurately modeled the frontal circula-
tion and the westward TC. We thus used this model in subse-
quent experiments.

The westward TC and the cyclonic frontal circulation were
characterized by surface intensity, which decreased gradually
with increasing depth. The westward TC spanned 100–
200 km in the zonal direction. The width of the westward
TC in the meridional direction was about 50–70 km, with
the major axis essentially following 33.8° N. Sensitivity ex-
periments using tide and wind indicated that these factors had
a positive effect on the frontal circulation as well as the west-
ward TC. Specifically, tide and wind established a barotropic
pressure gradient associated with the sea level and modulated
the density gradient. These gradients affected the structure and
intensity of the westward TC in the frontal region.

The Yellow Sea Warm Current volume transport was high-
ly correlated with the TC transport, suggesting that the west-
ward TC and the Yellow Sea Warm Current were closely
related during the winter. Our Lagrangian particle tracking
experiments indicated that the properties of the surface water
in the frontal region are more influenced by the cold freshwa-
ter from the southward Korea Coastal Current. The sub-
surface water in the frontal region was mixed with both the
cold, freshwater from north and warm saltwater from the
northward Cheju Warm Current. In the deep layer, the char-
acteristics of the water in the frontal region were mainly de-
termined by the northwestward intrusion of the Cheju Warm
Current. To some extent, the properties of the water in the
Yellow Sea Warm Current were related to those of the water
in the frontal region. The westward TC not only linked the
cold, fresh Korea Coastal Current with the frontal zone but
also connected the frontal region west of Jeju-do with the
Yellow Sea Warm Current along the western Yellow Sea
trough. The TC usually flowed westward along the northern
front. According to Lie et al. (2013), the TC separates into two
branches with one flowing northwestward into the Yellow Sea
interior and the other turning cyclonic around the tip of the
front and flowing southeastward. As the TC is usually mixed
with water both from the cold/fresh Korea Coastal Current and
warm/saline Cheju Warm Current, its intensity and variability
may significantly influence the distribution of hydrodynamics
and nutrient in this region. The TC is able to transport mixed
water in the frontal region westward and is often connected

with the Yellow Sea Warm Current. Therefore, the westward
TC may play a very important role in the regional circulation
and also ecosystem in the frontal region.

Although ocean models may help us to understand the
characteristics and dynamic mechanisms of the frontal circu-
lation in the southern Yellow Sea entrance, additional obser-
vations, especially direct long-time current measurements, are
still needed in this region in the near future. Such observations
are vital for accurate depictions of the multi-scale features and
interannual variability of the frontal circulation. Based on
these observations and numerical model results, the important
effect of the TC on the regional circulation and ecosystem in
this region should be further investigated in future study.
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