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Abstract The response of the subpolar front in the Sea of Japan (also known as the East Sea) to winter
cyclones is investigated based on quantitative analyses of gridded and satellite data sets. Cyclone passages
affecting the sea are detected using time series of spatially averaged surface turbulent heat fluxes. As the
cyclones develop, there are strong cold-air outbreaks that produce twice the normal heat loss over the sea.
After removal of sea surface temperature (SST) seasonal trends, we found that cyclone passage (hence, cool-
ing) mainly occurred over 3 days, with maximum SST reduction of 20.48C. The greatest reduction was found
along the subpolar front, where frontal sharpness (i.e., SST gradient) increased by 0.18C (100 km)21. Results
of a mixed-layer model were consistent with both temperature and frontal sharpness, and localized surface
cooling along the subpolar front resulted from both horizontal heat advection and turbulent heat fluxes at
the sea surface. Further analyses show that this localized cooling from horizontal heat advection is caused
by the cross-frontal Ekman flow (vertically averaged over the mixed layer) and strong northwesterly winds
associated with the cold-air outbreak during cyclone passage.

1. Introduction

Robust relationships between oceanic fronts and the atmosphere have been demonstrated by many studies
[Small et al., 2008, and references therein]. Atmospheric responses to the sea surface temperature (SST) field
have been investigated in the context of the heat supply around oceanic fronts [e.g., Minobe et al., 2008],
frontal strength (SST gradient) [e.g., Nonaka et al., 2009; Sampe et al., 2010], and frontal locations [e.g., Inatsu
et al., 2003; Ogawa et al., 2012]. Importantly, as pointed out by Nakamura et al. [2004], the anchoring effect
of oceanic fronts is central to modulating storm tracks and their associated polar-front jets, which may in
turn drive ocean currents [Trenberth et al., 1990] and enhance the front itself.

Among regions with such significant air-sea coupling processes, East Asia may be one of the best known in
the world. This is not only because of an oceanic front associated with a strong western boundary current,
the Kuroshio, but also because there is an active region of cyclogenesis caused by both atmospheric and
oceanic features [Chen et al., 1991, 1992; Nakamura, 1992; Nakamura et al., 2002]. Extratropical cyclones
form recurrently there because of the collision between cold air from the East Asian continent and warm air
masses from the ocean. These cyclones then develop above the oceanic fronts. In winter (November
through February as defined in the present study), East Asia is dominated by a series of such extratropical
cyclones. Of note, the Aleutian Low east of the Japanese Islands is a strong extratropical cyclone system in
the winter North Pacific [Overland et al., 1999], provided that these cyclones develop rapidly over the East
Asian continent or marginal seas and enter the North Pacific within a few days (Figure 1).

Abutting the East Asian continent, several small seas form a transition zone between the continent and
North Pacific. Numerous studies have demonstrated that these marginal seas have a significant influence
on regional atmospheric conditions, even extending to the North Pacific [e.g., Hirose et al., 2009; Kelly et al.,
2010; Isobe and Kako, 2012; Seo et al., 2014]. Of particular interest is a two-way coupling process in the win-
ter Yellow and East China Seas [Iwasaki et al., 2014]. In this process, sea surface cooling is gradually sup-
pressed over the shallow waters because of sea level pressure (SLP; hence, winds and heat flux)
modification by SST.

Key Points:
� Extratropical cyclones generate twice

stronger cooling than winter average
� SST is lowered locally along the

subpolar front after cyclone passed
� Front intensification is mainly caused

by the cross-frontal Ekman advection
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Among the East Asian seas, special
attention should be given to the
air-sea coupling processes in the win-
ter Sea of Japan (also known as the
East Sea). The reason is that this sea, at
the western edge of the North Pacific,
is dominated by a warm water mass
where cool and dry air masses from
the Asian continent first encounter.
Thus, the atmosphere is strongly
coupled with the ocean via intense
heat and momentum fluxes. Also,
there is a sharp subpolar front that
separates the sea into a relatively cold
and fresh subpolar region and a warm
and saline subtropical region [Isoda,
1994; Belkin and Cornillon, 2003]. This
front enhances low-level baroclinicity
(and hence cyclone activity), as sug-
gested by previous studies [e.g.,

Yoshiike and Kawamura, 2009; Yamamoto and Hirose, 2011; Yamamoto, 2013]. It has been shown that extra-
tropical cyclones are enhanced above the sharper subpolar front [Yamamoto and Hirose, 2007]. Therefore, it
is believed that the subpolar front in the Sea of Japan can be regarded as a ‘‘source region’’ that alters
atmospheric processes over the broad East Asian region.

Although the subpolar front clearly alters extratropical cyclone activity in the Sea of Japan as described
above, one may consider whether that front remains strong after extratropical cyclones. If frontal sharpness
and/or location are temporarily modified by cyclone passages (as is likely because of heat fluxes through
the sea surface), a two-way coupling process (i.e., air-sea interaction) may occur between the front and
cyclones. In fact, it has been demonstrated that this oceanic front is strongly influenced by cooling from
cyclones and their related cold-air outbreaks during winter [e.g., Dorman et al., 2004; Isobe and Beardsley,
2007]. However, it remains unclear how the subpolar front is affected by cyclone passage, both qualitatively
and quantitatively. Therefore, before considering the two-way coupling processes that may occur between
the subpolar front and cyclone activity in the Sea of Japan, we quantitatively evaluate subpolar front varia-
tions during extratropical cyclone passages over the sea.

The paper is organized as follows. Section 2 presents data sources and processing. Section 3 describes anal-
yses based on gridded data sets, followed by section 4, which introduces mechanisms of surface cooling
and frontal variations over the Sea of Japan during cyclone passage, using a mixed-layer model. Section 5
gives the conclusions.

2. Materials and Methods

2.1. Data
We used four gridded data sets: SST from the National Oceanic and Atmospheric Administration Optimum
Interpolation SST analysis Version 2 (OISSTv2) [Reynolds et al., 2007]; SLP from the National Centers for Envi-
ronmental Prediction-Department of Energy Atmospheric Model Intercomparison Project reanalysis (NCEP-
DOE R2) [Kanamitsu et al., 2002]; surface turbulent heat fluxes (sensible and latent heat), shortwave and
longwave radiation, and 2 m air temperature from Woods Hole Oceanographic Institution (WHOI) Objec-
tively Analyzed air-sea Fluxes (OAFlux); and ocean currents and hydrographic data from the Data assimila-
tion Research of the East Asian Marine System (DREAMS) [Hirose et al., 2013].

Wintertime 1/48 daily SST data from the period 2003 to 2011 were obtained from OISSTv2. Six-hourly mean
SLP data during that period with horizontal resolution 2:5�32:5� during the same period were acquired
from NCEP-DOE R2. To align with other data sets, all SLP data were daily averaged. OAFlux offers daily 2 m
air temperature and sensible and latent heat fluxes on each 1�31� grid cell every winter from 2003 to 2011.

Figure 1. Study area and examples of extratropical cyclones in winter. Develop-
ment of two winter cyclones based on NCEP-DOE reanalysis II data set is shown
by variable circle diameter (D), according to D 5 2 3 (1010 2 central SLP), where
the SLP is regarded as a nondimensional value. Annotations near the circles
denote the central SLP and date.

Journal of Geophysical Research: Oceans 10.1002/2015JC011565

ZHAO ET AL. SUBPOLAR FRONT DURING CYCLONES 2



Among the OAFlux data, the surface
shortwave and longwave radiation
data used by the mixed-layer model
analyses (addressed later) were only
available through 2009. Thus, three-
dimensional oceanic data
(1=12�31=15� temperature, salinity,
and current velocities), which were
also used by the mixed-layer model,
were obtained from DREAMS for
2003–2009 only. Surface wind stress
was computed using a bulk formula
and satellite data from the Quick Scat-
terometer (QuikSCAT) and Advanced
Scatterometer (ASCAT), both down-
loaded from the website of Remote
Sensing Systems (http://www.remss.
com). Wind vectors from QuikSCAT
and ASCAT were simply averaged for
each day during winters from 2003 to
2009, when at least one of them was
available.

2.2. Data Processing
We constructed composite maps of
SST and SLP based on an analysis of
time series of surface turbulent fluxes.
Because the passage of extratropical
cyclones always results in strong tur-
bulent heat fluxes [e.g., Zolina and

Gulev, 2003; Papritz et al., 2015], we used that time series to detect cyclones affecting the Sea of Japan. Com-
posite maps depict the modification of the SST field (and hence the subpolar front) by cyclone passage, via
surface heat flux.

Procedures for making the composite maps were as follows. Of particular interest is the relatively short-
term (several days) fluctuation caused by extratropical cyclones. Therefore, seasonal trends in each winter
were removed using a quadratic polynomial, based on the least squares method. Thereafter, the sum of
latent and sensible fluxes was averaged over the Sea of Japan (box in Figure 2a). To detect extreme flux
events during the winters of 2003–2011, we chose periods when the sum of turbulent fluxes in the box was
lower than 2336 W m22 (downward is positive, Figure 2b), corresponding to the eightieth percentile of our
data set. The same threshold (eightieth) was adopted in previous studies [e.g., Shaman et al., 2010; Ma et al.,
2015]. Each event was indicated by the ‘‘peak day’’ when the upward heat flux averaged over the box in Fig-
ure 2a met the aforementioned criterion. This should also be the local minima in the time series (solid dots
in Figure 2b). Even if the events occurred consecutively, they would be recognized as a single event when
they produced local minima in the daily time series. Subsequently, for all the detected events, we con-
structed maps of atmospheric and oceanic properties (e.g., SST) averaged daily on ‘‘peak days,’’ and days
before and after peak days.

To investigate subpolar front locations and strengths, the gradient magnitude (G) is given by:

G5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
@T
@x

�2

1

�
@T
@y
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s
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where T represents the water temperature, and x and y indicate eastward and northward positions,
respectively.

Figure 2. (a) Horizontal map of Sea of Japan, with the box over which was aver-
aged the turbulent heat fluxes. Time series of spatially averaged turbulent fluxes
in 2004–2005 winter are shown as an example in Figure 2b. Solid dots in Figure
2b show peak days (see the text for meaning), and the solid line represents the
value of the eightieth percentile (2336 W/m2).

Journal of Geophysical Research: Oceans 10.1002/2015JC011565

ZHAO ET AL. SUBPOLAR FRONT DURING CYCLONES 3

http://www.remss.com
http://www.remss.com


2.3. Mixed-Layer Model Analyses
The surface mixed-layer model (so-called ‘‘slab model’’) is likely the simplest tool to uncover the tempera-
ture modulation in the upper ocean. In the present application, we constructed such a model, in which the
mixed-layer depth is defined by that at which seawater density (r) increases by a certain value Dr from the
reference depth. The values for both r and Dr were from DREAMS data. The reference depth was set to
10 m, because the mixed layer in the Sea of Japan is always deeper than that depth during winter [Lim
et al., 2012]. Horizontal resolution of this model is 1=12�31=15� following the DREAMS data set.

In the mixed-layer model, the time derivative of mixed-layer temperature is expressed by the sum of heat flux,
horizontal heat advection, and entrainment terms. We omitted horizontal eddy diffusion because its contribution
is negligibly small in determining frontal structure in the Sea of Japan [Zhao et al., 2014]. Thus, the equation is

@T 0ML

@t
5
ðQnet2Qð2hÞÞ0

cpqh
2U0ML � rTML2

w0DT
h

; (2)

where T and U represent temperature and current velocities, respectively, and subscript ‘‘ML’’ refers to the verti-
cally averaged value in the mixed layer. Values with prime symbols represent anomalies from the seasonal
trends unrelated to the passage of cyclones, e.g., T 05T2�T , where the overbar represents the seasonal trend
(see Appendix A for details of nonlinear anomalous term). Qnet denotes net heat fluxes given by OAFlux, h the
mixed-layer depth, cp the specific heat of seawater (3986 J kg21 K21), and q seawater density (constant in the
computations at 1025 kg m23). The penetrative radiative flux at the base of the mixed layer, Qð2hÞ, is given by

Qð2hÞ5Qð0Þ½Rexpð2h=c1Þ1ð12RÞexpð2h=c2Þ�; (3)

where Q(0) is shortwave radiation at the sea surface (OAFlux). R, c1, and c2 are 0.58, 0.35, and 23, respec-
tively, which correspond to type I water [Paulson and Simpson, 1977].

Entrainment speed anomaly, w0, is defined as

w05

�
@h
@t

�0
1u02h � rh1w02h; (4)

where u02h is the horizontal velocity anomaly at the base of the mixed layer. The entrainment speed was set
to 0 for w0 < 0 (upward is positive). DT is the temperature difference between the mixed layer and layer

Figure 3. Composite maps of 1–8 day band-pass filtered SLP on (a) 1 day before peak days, (b) peak days, (c) 1 day after, and (d) 2 days
after peak days. Contour interval is 1 hPa.
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just below (from DREAMS data). Here w02h is the anomaly of Ekman pumping velocity, computed using
wind stress curl as

w02h5curlz

�
s0

qf

�
; (5)

where s is the wind stress vector derived from the bulk formula, s5qair CDjU10jU10, and U10 is the 10 m
wind vector from QuikSCAT and ASCAT. Air density qair is 1.2 kg m23, and CD is the drag coefficient calcu-
lated following Large and Pond [1981].

After calculating the above heat budget equation, temporal variation of mixed-layer temperature (DT 0ML)
can be easily obtained as follows.

DT 0ML5

�
ðQnet2Qð2hÞÞ0

cpqh

�
Dt1ð2U0ML � rTMLÞDt1

�
2

w0DT
h

�
Dt;

5DT 0MLQ
1DT 0MLA

1DT 0MLE

(6)

where 24 h was chosen for Dt so that the excursion of anomalous currents (<Oð10Þ cm s21) was
shorter than the grid spacing (1/128 and 1/158 for longitude and latitude, respectively) within the time
increment. The boundary condition for TML was from DREAMS data at all straits connected to outside
seas.

The computation procedure was as follows. First, TML (and h and DT ) on the right-hand side of equation (6)
was from DREAMS data on the day prior to peak days, peak days, and 1 day after peak days. Hence, DT 0MLs
on the peak days, 1 day after peak days, and 2 days after peak days were computed separately using equa-
tion (6). The computation was done for those 3 days because, as shown later in section 3, SST variation

Figure 4. Composite maps of (a) turbulent fluxes (W m22), (b) air-sea temperature difference (8C), and (c) wind speed (m s21) on peak
days. Lower plots also show (d) turbulent heat fluxes, (e) air-sea temperature difference, and (f) wind magnitude, but for anomalies relative
to the long-term average in winter. Contour intervals of Figures 4a and 4d, 4b and 4e, and 4c and 4f are 50 W m22, 18C, and 2 m s21,
respectively.
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Figure 5. Relationship between temperature field and passage of extratropical cyclones. (a) The distribution of gradient magnitude (G) on peak days, by contours (every 18C (100 km)21)
and color shading. Dashed lines show the locations of four meridional profiles of SSTA, whose data are displayed in Figure 5b. (b) The meridional profiles are composited on six sequen-
tial days around the peak days, from 1 day before to 4 days after. (c) Frequency (digits indicate numbers) of the interval (in days) between two consecutive cyclones during 2003–2011.
Their cumulative proportion is also shown by a bold solid curve.

Figure 6. Composite maps of (left) temperature differences (DSSTA) and (right) differences of gradient magnitude (DG0) 2 days after minus
1 day before peak days, which are superimposed on frontal sharpness during peak days (color shading in both maps). Contour intervals
are 0.18C and 0.058C (100 km)21, respectively.
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terminated within 3 days
with the passage of extra-
tropical cyclones and surface
cooling. These three time
computations were con-
ducted around all peak days
over the study period; see
solid dots in Figure 2b for
the case of 2004–2005. Tem-
perature increments were all
summed over those compu-
tations (hence, we obtained
DT 0ML 2 days after minus 1
day before peak days) and
averaged over the study
period.

Thereafter, we decomposed
the temporal variation of
gradient magnitude (DG0ML)
in the mixed-layer model
into contributions of heat
flux (DG0MLQ

), horizontal heat
advection (DG0MLA

), and
entrainment (DG0MLE

), under
the assumption of a linear
relationship [e.g., Kazmin and
Rienecker, 1996; Zhao et al.,
2014], as

DG0ML5DG0MLQ
1DG0MLA

1DG0MLE
:

(7)

The above three compo-
nents of DG0ML were com-
puted separately using the

corresponding three components of DT 0ML (right-hand side of equation (6)) over the 3 days). For instance,
G0MLQ

on the peak days was computed by substituting the ‘‘pseudo’’ temperature

Tpseudo5TML1DT 0MLQ
; (8)

into equation (1), where TML was the temperature field 1 day prior to peak days in this case. In addition to
the peak days, G0MLQ

was computed in the same manner for 1 day before, 1 day after, and 2 days after peak
days. Then, 3 time increments of G0MLQ

(i.e., DG0MLQ
) were computed using the above four G0MLQ

estimates.
Last, these three DG0MLQ

estimates were summed (as DT 0MLQ
) to quantify the contribution of heat flux to fron-

tal sharpness. Likewise, the contributions of horizontal heat advection (DG0MLA
) and entrainment (DG0MLE

) to
that sharpness were computed.

3. Results

Using our threshold, 104 peak days were chosen for periods of strong surface cooling during the winters of
2003–2011. As an example, a time series during winter 2004–2005 is shown in Figure 2b, in which solid dots
represent the peak days. During these strong flux events, it is likely that there were extratropical cyclones
developing near the Sea of Japan, since they have a typical time scale of the extratropical cyclone activity in
East Asia [e.g., Nakamura, 1992; Nakamura et al., 2002; Isobe and Beardsley, 2007]. However, as mentioned
by Dorman et al. [2004], there might be some events that are not associated with cyclones. For this reason,

Figure 7. Mixed-layer depth (contours in left maps), mixed-layer temperature (color shading in
right maps), and horizontal currents averaged over the mixed layer (vectors in right maps),
provided by DREAMS data for the Sea of Japan. Figures 7a and 7b show the same properties
but for different definitions of mixed-layer depth, with (a) Dr50:03 kg m23 and (b) Dr50:125
kg m23.
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we visually checked all SLP maps for removal of the noncyclone days, resulting in 102 days for subsequent
analyses.

Composite maps of 1–8 day band-pass filtered SLP around peak days clearly demonstrate strong cooling
when extratropical cyclones developed around the Sea of Japan (Figure 3). A low-pressure system west of
that sea strengthened rapidly from 1 day before peak days (Figure 3a) to peak days (Figure 3b). Strong
northerly winds (and thus sea surface cooling) are indicated by tightly packed SLP contours over the sea on
the peak days. Only 1 day after peak days, the low-pressure system center moved to the south of the Kam-
chatka Peninsula (at the northeast corner of the map), and the central pressure deepened from 21 to 26
hPa (Figures 3a–3c). The system moved further northeast and left the figure domain on 2 days after peak
days (Figure 3d). As the low center moved northeastward, the filtered SLP over the Sea of Japan increased
(from Figures 3b–3d), suggesting that both northerly winds and upward heat flux were subdued. It is there-
fore obvious that these sequential 4 days categorized by heat flux effectively represented a time series of
developing extratropical cyclones near the Sea of Japan, as the examples show in Figure 1.

The composite maps of turbulent fluxes, air-sea temperature differences, and wind speeds clearly demon-
strate how extratropical cyclones modified the Sea of Japan on the peak days (Figure 4). The map of wind
speed clearly shows a strong cold-air outbreak over the sea, across which the extratropical cyclones passed.
Hence, strong surface cooling (<–400 W m22) covered the entire sea (Figure 4a), although upward heat flux
in the south was greater than in the north. This inhomogeneity of heat flux is likely attributable to the SST
distribution across the Sea of Japan, where the Tsushima Warm Current empties into its southern portion.
Nevertheless, the anomaly of turbulent fluxes from the winter average reveals cooling associated with the
cold-air outbreak under strong northwesterly wind (see contours of 2250 W m22 in Figure 4d and wind
speed in Figure 4c). During the cold-air outbreak, the air-sea temperature difference reached 128C (Figure
4b), 48C greater than the average over the Sea of Japan during winter [Choi and Zhang, 2005]. Although the
cold air is heated upon moving southeastward over the relatively warm ocean, that air affected the entire

Figure 8. Temperature differences estimated as 2 days after minus 1 day before peak days (color shading and contours). (a) Temperature difference derived (left) from OISST data
(DSSTA) and (right) from mixed-layer model of present study. (b) Contributions of (left) heat flux (DT 0MLQ

), (middle) horizontal heat advection (DT 0MLA
), and (right) entrainment (DT 0MLE

) to
SST reduction in Figure 8a. For ease of comparison with OISST data, results were smoothed onto coarse grids (1=4�31=4�) as used by OISST data. Contour intervals of all maps are 0.18C.
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Sea of Japan because the anomaly of the difference
remained 28C even when the cold-air mass reached the
Japanese archipelago. In addition to the air-sea tempera-
ture difference, the cold air effect across the entire sea is
evident in the wind field. A jet-like northwesterly wind
(greater than 14 m s21) was evident near Vladivostok
because of an orographic gap (Figure 4c) [Kawamura and
Wu, 1998], from which a wind speed of 6 m s21 higher
than the winter average extends southeastward (Figure
4f). The combination of the anomalous air-sea tempera-
ture difference and wind speed produced the strong cool-
ing that prevailed across the Sea of Japan during the
cold-air outbreak associated with extratropical cyclone
passage.

After removal of the seasonal trends, temporal variations
of meridional SST anomaly (SSTA) profiles across the sub-
polar front (see lines on the map of G (equation (1)) in Fig-
ure 5a) show that the time scale required for SST
reduction over the Sea of Japan is around 3 days during
cyclone passage (Figure 5b). First, the temperature
decreased about 0.1–0.28C on the peak days, decreasing
by another 0.1–0.28C during subsequent peak days.
Thereafter, SSTA declined slightly from 1 day (red curve in
Figure 5b) to 2 days (dash-dot curve) after the peak days.
The reduced temperature remained cool even on 4 days
after the peak days. Moreover, the frequency of winter
cyclones (i.e., intervals between peak days; Figure 5c)
shows that nearly half (45%; see right ordinate in Figure
5c) arrived within 4 days after the prior cyclone passage.

These short intervals imply that, as speculated in the introduction, extratropical cyclones over the Sea of
Japan may be affected by prior cyclones because of altered SST and/or frontal sharpness [Graff and LaCasce,
2012]. However, the present study did not treat this potential two-way coupling, because the objective was
to elucidate a ‘‘preconditioning’’ revealed by temperature, i.e., subpolar front modulation by the passage of
earlier cyclones.

Of particular interest is how much SST was reduced by a single cyclone (i.e., cooling) during the typical time
scale of passage (we selected ‘‘3 days’’ in the present study because of the tallest bar in Figure 5c). We
thereby estimated the reduction by taking the difference between SSTAs 1 day before and 2 days after
peak days. As shown in Figure 6 (left), SST across the entire Sea of Japan cooled by >0.28C on average after
the passage of a single cyclone. It is interesting that this SST reduction was not homogenous across the sea
but was locally great along the subpolar front, with a maximum of >0.48C. This cooling pattern substantially
deviates from the patterns of turbulent heat flux (Figure 4) which shows that it is the ocean process (likely
within the mixed layer) that strongly contributes to the cooling pattern and the change in front, not the
heat flux itself.

This temperature reduction contributed more than half (51.4%) of the total cooling (without detrending)
during these 3 days, and it increased to >60% around the subpolar front (not shown). Further, the sharp-
ness of the subpolar front intensified (i.e., frontogenesis) by �0.18C (100 km)21 (3–4% of total frontal sharp-
ness) after the passage of a single developing cyclone (Figure 6, right). The SST reduction and frontogenesis
were both relatively small but statistically significant, as suggested by a t test with 95% confidence level.
Moreover, the intensification of frontal sharpness covered not only over the subpolar front but also the
southern regions (see the 08C (100 km)21 contour in Figure 6, right). This suggests that the subpolar front
was likely to shift southward, enhancing its sharpness with the passage of a single extratropical cyclone.
Although further examinations will be required, it is speculated that the synoptic location of the subpolar
front may be determined by the tug of war between the cyclones trying to push the front southward (and

Figure 9. (top) Current and (bottom) wind anomalies on
peak days. To avoid overcrowding, current vectors are
plotted every sixth grid. Speeds of current and wind are
shown by vector colors and length.
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thus intensifying it) and the Tsushima Warm Current or the insolation that acts to restore the front location
to where it is supposed to be.

4. Discussion

4.1. SST Reduction
Before addressing the cause(s) of the aforementioned SST reduction using the mixed-layer model, we must
ensure that our conclusions are robust, and will not be largely influenced by the definition of the mixed-
layer depth. Figure 7 shows that mixed-layer depth (left) and mixed-layer averaged temperature and current
fields (right) were nearly independent of the choice of Dr. Thus, for simplicity, we only show results of the
case with Dr50:03 kg m23 in the following sections.

The result of the mixed-layer model was compared with the aforementioned SST reductions based on OISST
data during the cold-air outbreaks associated with extratropical cyclones (Figure 8). As suggested by the
temporal variations of meridional profiles (Figure 5b), we show the temperature increment over 3 days, i.e.,
2 days after minus 1 day before peak days, using equation (6). For ease of comparison, model results with
DREAMS resolution were smoothed to the same grid size as the OISST data set (1=4�). Figure 8a shows that
the mixed-layer model did a reasonable job of reproducing a ‘‘local’’ cooling along the frontal zones at
408N. Model results show that temperature reduction was less than the DSSTA by 0.18C, probably because
of vertical integration over the mixed layer, rather than the sea surface observation from satellites.

The contributions of each component (Figure 8b) show that the surface cooling along the subpolar front
results mainly from the heat flux (greater than 20.28C). SST reduction derived from the heat flux (DT 0MLQ

)
was widespread over the area from 388N to 428N, with the maximum at the area center. The horizontal pat-
tern of turbulent flux anomalies (Figure 4d) caused by the cold-air outbreak is unlikely to explain the

Figure 10. Comparison between current anomalies and Ekman flow. (a) (left) Current anomalies obtained from DREAMS (same as Figure 9 but at higher resolution) and (right) Ekman
flow calculated from either QuikSCAT or ASCAT. Wind speed is represented by vector colors and length. (b) SST map composited for the peak days using OISST data. (c) Temperature
reduction estimated using the values in Figures 10a and 10b for 24 h on peak days. Contour intervals are 28C and 0.058C in Figures 10b and 10c, respectively.
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localization along the subpolar front.
Thus, DT 0MLQ

should be controlled by
mixed-layer depth (Figure 7, left), such
that a relatively shallower (deeper) mixed
layer causes a larger (smaller) SST reduc-
tion because of a difference in heat
capacity. By comparing the mixed-layer
depth and current map (Figure 7), we can
see that the shallow mixed layer in the
central Sea of Japan is associated with a
cyclonic ocean circulation in a geostro-
phic sense, especially over the northern
region.

Nonetheless, heat flux is the dominant
contributor to the localized cooling along
the subpolar front. Horizontal heat advec-
tion (DT 0MLA

) provides a nonnegligible frac-
tion (20.18C) of the temperature
reduction along the front and is further
discussed in the next section. Unlike the
other two components, the entrainment
(DT 0MLE

) only generates substantial SST
cooling (more than 20.28C) far from the
front, and its contribution is negligibly
small over most of the Sea of Japan. The
small entrainment contribution may result
partly from the deeper mixed layer in our
analyses (�70 m; see the frontal region in
Figure 7) than that estimated in other

studies such as Lim et al. [2012] (30–50 m; see their Figure 9) because of different data sets and criteria.
Nonetheless, our analyses are still acceptable because observed temperature differences are consistent
with the modeled ones (Figure 8a).

4.2. Localized Cooling
Aside from the turbulent heat fluxes associated with mixed-layer depth, further examination is required to
uncover the cause of localized cooling along the subpolar front from horizontal heat advection. The current
anomalies relative to winter trend provided in the DREAMS data (Figure 9, top) show that during the pas-
sage of extratropical cyclones, there was a nearly uniform southwestward surface current over the Sea of
Japan on the peak days. These detrended current anomalies occupy the entire sea, so we must find a driv-
ing force with spatial scale larger than the sea and temporal scale shorter than the winter season. North-
westerly wind anomalies associated with synoptic-scale extratropical cyclones (Figure 3b and Figure 9,
bottom) are consistent with the southwestward current anomalies in the sense of the Ekman flow (defined
by s=qfh in this study). Therefore, it is believed that this strong northwesterly wind, triggered by cyclone
passage, engenders southwestward (cross-frontal) Ekman flow, which transports the cold water mass that
ultimately causes the local SST reduction along the front.

To confirm the above scenario, we computed Ekman flow using the wind anomalies (Figure 10a) to com-
pare with the current anomalies from the DREAMS data set. Current anomalies included small-scale fea-
tures, probably because of the superposition of mesoscale (on the order of � several hundreds of
kilometers) eddies. Thus, the anomalous currents are slightly weaker than the Ekman flow. Nonetheless,
both represent the same large-scale southwestward flows. In addition, strong current anomalies were found
in the central Sea of Japan. To examine whether these current fields could cause the localized cooling along
the subpolar front, we calculated horizontal heat advection on the peak days using these two current fields
in conjunction with the composite SST field from OISST (Figure 10b). Figure 10c shows that the temperature

Figure 11. (a) Ratio of cross-frontal component (vn) to total Ekman flow
(
ffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

n1u2
s

p
) and (b) ratios normalized by the maximum Ekman flow (left: (a)

3ð
ffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

n1u2
s

p
=ð

ffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

n1u2
s

p
ÞMaxÞ) and maximum frontal sharpness (right: (a)

3ðG=ðGÞMaxÞ). Subscript ‘‘Max’’ denotes the maximum value in the study area.
Contour interval is 0.2.
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reduction that results from horizontal heat advection by the current anomalies is reasonably consistent
with that by Ekman flow.

For more quantitative assessment of this basin-wide southwestward Ekman flow, we separated it into cross-
frontal (vn, normal to the isotherms) and along-frontal (us, along the isotherms) components, using curvilin-
ear natural coordinates as follows.

vn52sinu u1cosu v;

us5cosu u1sinu v;
(9)

where u and v are the Ekman flows in the zonal and meridional Cartesian directions, respectively, and u rep-
resents the counterclockwise isotherm direction relative to the x axis.

Figure 11a shows that this southwestward Ekman flow was approximately parallel to isotherms north of the
subpolar front (428N–458N), while the cross-frontal components dominated in other areas, especially near
the front (over 60% of total flow). To dramatize the importance of the cross-frontal component around the
subpolar front, we normalized this component in two ways. After the normalization by current speed, vigor-
ous cross-frontal Ekman flow was revealed north of 408N (Figure 11b, left). Intensification of the cross-
frontal Ekman flow at the front is similar to the observed results in Thomas and Lee [2005]. However, their
intensification was within a narrow band (<10 km; see their Figure 11), 1 order of magnitude smaller than
our area (Figure 11b). In our study, such a pattern was mainly caused by the jet-like wind field that formed
by the topography along the Russian coast (see wind speed in Figure 4c and vectors in Figure 9, bottom)
and partially by the shallow mixed-layer depth (inversely proportional to Ekman flow) around the front (Fig-
ure 7, left). After the normalization by frontal sharpness (G, in equation (1)), heat advection locally reduced
the temperature via this cross-frontal Ekman flow at the frontal region (clearly revealed by Figure 11b,
right).

Figure 12. Comparison of differences of gradient magnitude (DG0).(a) Estimated DG0 for 2 days after minus 1 day before peak days based
on OISST data (left; same as the right figure in Figure 6). Right figure is the same as the left but for mixed-layer model. (b) Contributions of
(left) heat flux (DG0MLQ

) and (right) horizontal heat advection (DG0MLA
) to DG0ML computed by the mixed-layer model. As in Figure 8, results

were smoothed onto coarse grids (1=4�31=4�). Contour intervals of all figures are 0.058C (100 km)21.
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It is possible that a frontogenetic process
associated with ageostrophic secondary
circulations and Ekman pumping/suc-
tions occurs locally along the frontal
interface, as shown by theoretical and
nonhydrostatic numerical models in
Thomas and Lee [2005] and Yoshikawa
et al. [2012]. However, their studies are
not applicable to the process revealed by
the present analysis. Much finer temporal
(subinertial time scale) and spatial
(<10 km) scales are both required for
reproducing such processes and, as such,
could not be captured by our mixed-
layer model and data sets. Nonetheless,
the aforementioned studies suggest that
the sharpness of the subpolar front
would be enhanced more than we
expected if the fine-scale processes are
incorporated in a numerical model
approach.

4.3. Contribution to Frontogenesis
Figure 6 (right) shows that the gradient
magnitude increased by �0.18C
(100 km)21 along the subpolar front,
because of the passage of a single extra-
tropical cyclone. Using equation (7), we
calculated the contributions of heat flux
(DG0MLQ

) and horizontal heat advection
(DG0MLA

) to the enhancement of frontal
sharpness (note that the entrainment is
excluded here, because its effect is negli-
gibly small). The sum of these two com-
ponents is shown in Figure 12a, and each

contribution is depicted in Figure 12b. The modeled results reproduced frontogenesis well, in both magni-
tude and locations. Also shown by Figure 12a is that the linear assumption of equation (7) is likely to be jus-
tified because the sum of the two components is nearly identical to DG0. Looking at each contribution
(Figure 12b), one sees that heat flux has a secondary effect on the frontogenesis, although that flux
accounts for about two thirds of SST reduction (Figure 8b). This is because the heat flux has a spatial scale
much larger than the width of the subpolar front. However, even with one third of the contribution to SST
reduction (Figure 8b), the horizontal heat advection can be regarded as the primary enhancement of frontal
sharpness (see similarity to Figure 8a), because of the localized cooling along the front.

5. Conclusion

The mechanisms of SST reduction and frontogenesis in the winter Sea of Japan are summarized below (Fig-
ure 13). Developing extratropical cyclones induce strong cold-air outbreaks, accompanied by strong north-
westerly winds transporting a cold-air mass over the entire Sea of Japan. During the cooling event, SST in
the central sea is reduced remarkably because of the shallowness of the mixed layer. Upward heat flux
intensifies the sharpness of the subpolar front (Figure 13a), in spite of a contribution much smaller than
that of horizontal heat advection. Meanwhile, the strong northwesterly wind generates a strong cross-
frontal Ekman flow, transporting the cold water across the isotherms. This further reduces the temperature
locally along the subpolar front and intensifies the front, representing the primary contributor (Figure 13b).

Figure 13. Schematic views of the (a) effects of turbulent heat fluxes and (b)
horizontal heat advection during passage of extratropical cyclones. Thick gray
arrow represents strong northwesterly wind associated with the cyclones. In
both figures, gray shading in lower portions shows temperature reduction
caused by turbulent heat fluxes (DT 0MLQ

) and horizontal heat advection (DT 0MLA
),

and slopes of solid curves represent changes of frontal sharpness (DG0MLQ
and

DG0MLA
).
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These results are apparently different from studies of wind-driven frontogenesis associated with fine-scale
dynamics.

Overall, our analyses show that the subpolar front in the Sea of Japan intensifies after passage of a develop-
ing extratropical cyclone. Therefore, the suggestion is the formation of a two-way coupling process
between the SST (hence the sharp subpolar front) and the extratropical cyclones. Many studies have dem-
onstrated that enhanced frontal sharpness intensifies cyclones [e.g., Yamamoto and Hirose, 2007] and/or
alters their trajectories via an anchoring effect [e.g., Ogawa et al., 2012]. There remains a question as to how
such hydrographical changes in the Sea of Japan affect subsequent extratropical cyclones. This should be
addressed in our next study.

It should be noted that the cyclone-induced SST reduction may also be included in the seasonal trend,
because the temperature reduction of a single cyclone is not always recovered completely after cyclone
passage. It is, however, difficult to separate this contribution from the seasonal trend using the present data
analyses. The time scale of SST recovery (by horizontal heat advection, eddy-induced heat transport, and
subgrid-scale horizontal diffusion) must be a critical factor, and the aforementioned two-way coupling proc-
esses complicate the problem. SST recovery processes are a major scientific issue in the physical oceanogra-
phy. For instance, although Mei and Pasquero [2013] suggested that the SST recovery time varies
considerably by case, in general, recovery from SST cooling by tropical cyclones occurs on an intra-seasonal
time scale (around 5–30 days) [Dare and Mcbirde, 2011]. We may expect a similar time scale of SST recovery,
even at midlatitudes. A numerical model approach incorporating a two-way coupling process is likely
required to answer the above questions, so this will also be the next step in the near future.

Appendix A: Derivation of Nonlinear Anomalous Term in Equation (2)

For example, an anomalous temperature (T 0) is derived as

T 05T2�T ; (A1)

where the overbar represents the seasonal trend. Substituting anomalies and seasonal trend into the non-
linear term (horizontal advection, U � rT ) yields

ðU01UÞ � rðT 01�T Þ5U � r�T 1U � rT 01U0 � rT : (A2)

The first term in the right-hand side is the seasonal trend of the advection term which should be removed.
During our data processing, we also found that the second term is 1 order smaller (O(0.018C), not shown)
than the third term (O(0.18C)). Therefore, the nonlinear anomalous advection term can be defined by U0 � r
T as described in equation (2).
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