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Abstract

The ear-shaped thermal front (ESTF), formed by the convergence of the Yellow Sea Warm Current (YSWC) and
the Shandong Coastal Current (SCC), is a very important oceanic phenomenon in the Yellow Sea (YS) in winter. In
situ measurements and reanalysis datasets all demonstrate that the ESTF has been weakening during
1950s-1990s, and a similar weakening trend is also found in winter monsoon over the YS. Numerical experiments
show that the weakening of winter monsoon can induce an anomalous circulation in the YS on multi-decadal
timescale with northward anomalous currents along China’s coast and southward anomalous currents in the
central YS—generally opposite to seasonal mean circulation. The anomalous circulation causes slowdown of the
YSWC and the SCC, and thus weakens the ESTF. Since the ESTF plays important roles in regional ocean dynamics
and air-sea interactions, its weakening has important implications for regional climate in the YS in winter.
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1 Introduction

Observations and numerical models both show that there ex-
ists many thermal fronts, with complicated spatial distributions,
in the Yellow Sea in winter. Among those thermal fronts, the one
located to the east coast of the Shandong Peninsular, which is
called ear-shaped thermal front (ESTF) (also called N-shaped
thermal front) according to the geometry of its horizontal distri-
bution, is most remarkable in terms of spatial scale and intensity
(Zheng and Klemas, 1982; He et al., 1995; Wang and Liu, 2009;
Huang et al., 2010). Like the other thermal fronts in the Yellow
Sea, the ESTF shows obvious seasonal and interannual variabilit-
ies on its location, intensity, and distribution (Wang and Liu,
2009). The variation of the ESTF has important implications for
oceanic processes (including sediment transport and
deposition), marine ecosystem and fishery, and local or regional
synoptic and climatic systems (sea fog, precipitation, etc.).

The East Asian monsoon system has experienced significant
variations during the past few decades due to the global climate
change. Calculation based on the monthly winds from
NCEP/NCAR reanalysis (Kalnay et al., 1996) shows that the mean
wind speed of January from 1951 to 1970 over the Yellow Sea,
which is 5.9 m/s, decreases by more than 15% to a mean of 5.0
m/s in 1981-2000. Since the monsoon is the dominant influen-
cing factor on physical characteristics of the Yellow Sea in winter,

in particular the circulation pattern and the temperature distri-
bution, the ESTF is expected to vary accordingly on multi-
decadal timescale as monsoon changes. However, previous stud-
ies on the variations of the ESTF are mainly focused on its sea-
sonal or interannual variability. In present study, in situ observa-
tions, reanalysis datasets, and satellite measurements will be
used to investigate the multi-decadal variation of the ESTF, in-
cluding its characteristics and mechanism.

2 Multi-decadal variation of the ESTF

Figure 1a shows the climatological mean of sea surface tem-
perature (SST) in February from the AVHRR Pathfinder Version
5.2 (PFV5.2) data (Casey et al., 2010). The SST on the eastern and
western sides of the Yellow Sea is obvious colder than that in the
central basin. In the eastern coastal region to the Shandong Pen-
insula, isotherms of 6-8°C are closely distributed basically along
the 50 m isobath and form a very strong thermal front. To object-
ively locate the position of the front, a mathematical model based
on gravity algorithm (Ping et al., 2013) is applied to the SST in Fig.
la and all the detected thermal fronts are shown in Fig. 1b. One
can see that there is, as discovered by many existing studies (e.g.,
Zheng and Klemas, 1982; Hickox et al., 2000; Huang et al., 2010),
a very strong front in (35.5°-38.0°N, 122.0°-123.5°E), roughly par-
allel to the coastline of the Shandong Peninsula with an ear-like
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Fig. 1. Schematic pattern of the Yellow Sea circulation in winter and locations of 12 coastal weather stations (a), and thermal fronts
detected by a mathematical model based on gravity algorithm (b). 1. Seoul, 2. Pyongyang, 3. Dandong, 4. Dalian, 5. Yantai, 6.
Chengshantou, 7. Qingdao, 8. Rizhao, 9. Ganyu, 10. Sheyang, 11. Nantong, and 12. Xujiahui.

shape.

In the Yellow Sea, observational data covering a long time
period are very rare. In the region where the ESTF is located, the
only available in situ temperature observations in winter cover-
ing a relative long time period were collected along the section of
36°N, 120.5°-124.5°E in February of each year start from 1977.
Previous studies [see the review by Ichikawa and Beardsley
(2002)] have suggested that the Yellow Sea in winter can be con-
sidered as a barotropic ocean because it is shallow (mean water
depth is less than 45 m) and the vertical mixing induced by sur-
face cooling and monsoonal winds is strong—this characteristic
is also exhibited by the observed temperature along 36°N (Fig.
2a). Therefore, the SST distribution well represents the horizont-
al temperature distribution of the entire water column below the
surface, and thus the SST gradient cross a thermal front can reas-
onably reflect the intensity of the front. Since the 36°N section
just crosses the southern part of the ESTF, the SST gradient at
122°15'E, where the maximum temperature gradient is located
(Fig. 2a), can be used as an index of the ESTF intensity. To make
calculation simple, we deduct the mean temperature of
120.5°-122 °E (west section) from that of 122.5°-124°E (east sec-
tion) and use the calculated difference as an alternative of the
temperature gradient at 122°15’E. It worth to be noted that the
SST in the Yellow Sea has been rising during the past few dec-
ades due to the global warming effects, but the rising in SST is
basin—wide and can be approximately treated as uniform warm-
ing along the west and east sections considering that the spatial
size of the two sections are small and their locations are very
close to each other. With the above method, the effects of global
warming on SST can be effectively canceled and the ESTF intens-
ity can be well estimated and its variation is plotted in Fig. 2b.
The ESTF we noted, in addition to its interannual variability, has
been weakening persistently since the beginning of the observa-
tion and lasts till around 1995.

To further valid the multi-decadal trend in variation of the
ESTF intensity, same calculations are applied to the daytime SST
of PFV5.2 and the temperature at 2.5 m from the China Ocean
Reanalysis (CORA) (Han et al., 2011) and the results are also

shown in Fig. 2b. The CORA is based on the Princeton Ocean
Model with generalized coordinate system (POMgcs) and assim-
ilates various sources of observations including satellite remote
sensing SST, altimetry sea level anomaly, and in situ temperature
and salinity profiles. Evaluations of the CORA demonstrate that
this reanalysis dataset provides a good representation, with high
resolution, of the seasonal and interannual variabilities of the
SST in coastal waters of China and adjacent seas (Wu et al., 2013).
Although the variations of the ESTF intensity illustrated by the
three different datasets in Fig. 2b show some differences in inter-
annual signals, the persistent weakening trend before the 1990s
in these three time series are quite similar, and the weakening is
quite dramatic—the temperature difference drops markedly from
approximately 3.5-2°C.

3 Mechanism of the ESTF weakening

The surface winds are mainly northerly over the Yellow Sea in
winter, and coastal currents are basically southward due to the
forcing of the surface winds. Since the Yellow Sea is a semiclosed
marginal sea, there must be a current going to the north in the
central Yellow Sea to compensate the mass lost caused by the
southward coastal currents. The compensating current is the
well-known Yellow Sea Warm Current (YSWC), which transports
warm water from lower to higher latitudes and has been extens-
ively studied during the past few decades (Kondo, 1985; Guan,
1986, Fang et al., 1997; Lin and Yang, 2011). Previous studies have
demonstrated that the ESTF, just like many other thermal fronts
in the Yellow Sea in winter, is a product of convergence of cold
coastal current and the YSWC (Ma et al., 2006; Wang and Liu,
2009). In the case of ESTF formation, the cold costal current is the
Shandong Costal Current (SCC). The location, shape, and intens-
ity of the ESTF vary significantly on seasonal and interannual
timescales, and the variation is closely linked to the variability of
winter monsoon (Wang and Liu, 2009).

Is the weakening of the ESTF shown in Fig. 2c related to the
variation of the circulation in the Yellow Sea and the winter mon-
soon? Since there is no long-term in situ observation for the cur-
rents in the Yellow Sea, we have to turn to the SODA dataset (Car-
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Fig. 2. Temperature distribution along 36°N in February averaged from in situ observations in 1977-2006 (a), variation of the
temperature averaged from 0 m to 20 m in February along 36°N (b) and surface temperature difference in February between sections
of 120.5°-122.0°E and 122.5°-124.0°E (the latter minus the former; refer to the red lines in Fig. 1a) along 36°N (c). Red line: in situ
observations, green line: AVHRR PFV5.2, and blue line: China Ocean Reanalysis (CORA).

ton and Giese, 2008) that has been widely used in studying ocean
circulation and climate, though its reconstructed circulations in
marginal seas are not as reliable as those in open oceans. To in-
vestigate the change in currents on multi-decadal time scale in
the region where the ESTF is located, we first define the time
period of 1956-1975 as “positive phase” when the ESTF is relat-
ively intense, and that of 1976-1995 as “negative phase” when the
ESTF is relatively weak. The way of partitioning these two phases
is justified, because 1976-1977 is usually considered as an im-
portant point in time of the so-called “climate shift” (or “regime
shift”) in the climate system over the North Pacific Ocean
(Trenberth and Hurrell, 1994; Miller et al., 1994). The Yellow Sea
in winter, as mentioned above, is approximately a barotropic
ocean, so the distribution of the currents averaged vertically can
well represent the general circulation pattern. Figure 3a shows
the difference of January currents between the positive and neg-
ative phases (the later minus the former) derived from the SODA

dataset. It is clear that the major change in circulation is charac-
terized by anomalous northward currents along China’s coastal
waters and anomalous southward currents in the central Yellow
Sea. These anomalous currents are generally opposite to the
mean circulation of this season, suggesting that both the YSWC
and the coastal currents are weaker in the negative phase. Under
such circumstance, the temperature contrast between the water
masses advected by the SCC and the YSWC to the east of the
Shandong Peninsula is reduced, and weaker ESTF is thus expec-
ted.

On the basis of mechanisms of the formation of the YSWC
and coastal currents in winter, we conjecture that the weakening
of the circulation in the Yellow Sea on multi-decadal timescale,
similar to the variation on interannual timescale, is also resulted
from monsoon variability. To test this hypothesis, we derive the
change in January surface winds between the positive and negat-
ive phases from the NCEP/NCAR reanalysis dataset, and, for
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Fig. 3. Difference in January circulation (vertically averaged) between the positive phase (1958-1975) and the negative phase
(1976-1995) (the later minus the former) derived from the SODA dataset (a) and simulations from a 2-D barotropic ocean model

forced with surface winds from NCEP/NCAR reanalysis (b).

comparison, similar calculation is also applied to the surface
winds from the ERA-40 reanalysis dataset (Uppala et al., 2005)
(Fig. 4a). The anomalous wind fields derived from the two differ-
ent datasets overall agree to each other very well, albeit differ-
ences do exist in magnitude and direction. The anomalous winds
over the Yellow Sea are dominating southerlies, indicating weak-
er monsoons in the negative phase. The variation of the wind
speed averaged over the entire Yellow Sea basin in January fur-
ther reveals the weakening trend of monsoon during 1950s-1990s
(Fig. 4b), well in phase with that of the ESTF shown in Fig. 2c.

To further verify the multi-decadal variability of the winter
monsoon over the Yellow Sea, historical wind speed observed in
January at 12 coastal weather stations are plotted in Fig. 4c. Al-
though these stations are land-based and the winds they meas-
ured are usually weaker than those in open waters, they are all
adjacent to the Yellow Sea and thus the variation of the observed
wind speed should be in phase with those over the Yellow Sea.
One can see that the wind speeds at all the weather stations ex-
hibit an obvious decreasing trend before the 1990s, which disap-
pears after the 1990s—a feature identical to the one shown in Fig.
4b, suggesting that the weakening of winter monsoon over the
Yellow Sea in the 1950s-1990s is robust.

Is the weakening of winter monsoon over the Yellow Sea a
major cause for the anomalous circulation shown in Fig. 3a?
Considering that the Yellow Sea during wintertime is a barotrop-
ic shallow sea, a two-dimensional numerical model should be
able to reproduce the general circulation in the season. Here we
adopt the two-dimensional ocean model established by Fang et
al. (1996), which has been widely used to study the wintertime
circulations in China’s adjacent seas (e.g., Fang et al., 1997, 2000,
2001). Configuration of the model, such as computation domain,
boundary conditions, parameters, etc., also follows Fang et al.
(1997). To explore the influence of winter monsoon on the circu-
lation of the Yellow Sea during 1950s-1990s, two numerical ex-
periments are conducted, in which climatological January wind

fields of the positive and negative phases from the NCEP/NCAR
reanalysis are used respectively as the only surface forcing in the
model. After the numerical integration of each experiment
reaches a stable state, the simulated current field can thus be
treated as the climatological circulation of the Yellow Sea corres-
ponding to each (warm/cold) phase. Figure 3b shows the differ-
ence in circulation simulated by the two experiments. It can be
seen that the change in circulation, no matter the YSWC or the
coastal currents, agrees very well with that derived from the
SODA (Fig. 3a). Since the only difference between the two experi-
ments is the surface wind, we can conclude that the anomalous
circulations shown in Fig. 3 are mainly induced by the weaken-
ing of winter monsoon during 1950s-1990s.

There are another two mechanisms that may also play a role
in the formation of the ESTF. One is the one-dimensional bathy-
metric-control mechanism proposed by Xie et al. (2002), in
which the thermal inertia of water column in the Yellow Sea is ar-
gued to be linearly proportional to the bottom depth and re-
sponsible for the strong association between the SST and bottom
topography distributions. The other one is the tide-induced up-
welling mechanism (Lii et al., 2010), in which a secondary circu-
lation is triggered by baroclinic gradient across the tidal mixing
fronts, bringing cold bottom water to surface to form a thermal
front. The effects of this mechanism is most visible in summer-
time SST distributions [see Figs 3 and 9b of Lii et al. (2002)].
However, the multi-decadal variability of the key factors (bathy-
metry and tide, respectively) of those two mechanisms are negli-
gible, so the two mechanisms have little connection with the dra-
matic weakening of the ESTF.

4 Summary and discussion

The ESTF, formed by the convergence of the YSWC and the
SCC, is a very important oceanic phenomenon in the Yellow Sea
in winter. In situ measurements, satellite data, and reanalysis
datasets all demonstrate that the ESTF has been weakening dur-
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Fig. 4. Multi-decadal variability of the surface winds in January over the Yellow Sea and adjacent regions. Difference in January
surface wind fields between the positive phase (1958-1975) and the negative phase (1976-1995) (the later minus the former) derived
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averaged over the entire Yellow Sea basin based on the NCEP (blue line) and ERA-40 (purple line) datasets (b), and interannual
variations of January wind speed observed at 12 coastal weather stations surrounding the Yellow Sea (see Fig. 1a for locations of the
weather stations) (c).



56 Tana et al. Acta Oceanol. Sin., 2017, Vol. 36, No. 5, P. 51-56

ing 1950s-1990s. Similar weakening trend is also found in winter
monsoon over the Yellow Sea from reanalysis datasets, and this
trend is further confirmed by historical observations at land-
based weather stations surrounding the Yellow Sea. The numer-
ical experiments of a barotropic ocean model show that the
weakening of winter monsoon can induce an anomalous circula-
tion with a northward anomalous flow along China’s coast and a
southward anomalous flow in the central basin of the Yellow Sea,
which is in general opposite to seasonal mean circulation. The
anomalous circulation causes slow down of the YSWC and the
SCC, and thus weakens the ESTF. Considering the roles that the
ESTF plays in ocean dynamics and air-sea interactions, the weak-
ening of the ESTF has important implications for regional cli-
mate in the Yellow Sea in winter.

Although in the present study the dynamical influence of the
multi-decadal variability of the East Asian winter monsoon on
the circulation of the Yellow Sea well explains the dramatic weak-
ening of the ESTF during 1950s-1990s, physical processes related
to heat fluxes that are involved in the variability of the ESTF have
not been quantitively examined due to the limitation of the
simple barotropic ocean model adopted. It is worth to note that
the monsoonal wind speed of January over the Yellow Sea de-
creases by approximately 15% (this number is even smaller if
based on the ERA-40 reanalysis) during the 1950s-1990s, while
the simulated volume transport of the YSWC is reduced by about
20%-25% (varies with latitudes) and the reduction in the ESTF in-
tensity can be more than 30%. This suggests that the intensity of
the ESTF is very sensitive to the strength of monsoon, thus a nu-
merical model with more complete dynamics is necessary in the
future for studying the ESTF variability.
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