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Abstract The frontogenesis and frontolysis processes of the subpolar front (SPF) in the surface
mixed layer of the Japan Sea are investigated using state-of-the-art oceanic reanalysis data. The SPF
experiences a 9 month weakening period from January to September, which shifts to a strengthening
period in October. Our analysis shows that horizontal advection consistently contributes to the intensi-
fication of the SPF. After September, as the weakening effect of surface heat flux diminishes, horizontal
advection becomes the dominant factor that contributes to changes in the SPF strength. Thus, the SPF
enters a 3 month strengthening period. The geostrophic component of horizontal advection provides
the most important contribution to strengthening the SPF, acting to intensify the SPF year-round.
Ekman advection also promotes SPF strengthening with a smaller but still important contribution.
During the weakening period, SPF strength is largely controlled by heat flux. The heat flux, especially
the shortwave radiation component, is the primary cause of the surface front disappearance in

the summer.

1. Introduction

Oceanic frontal zones attract great attention not only in oceanography but also in meteorology. Both obser-
vations and numerical experiments have revealed the atmospheric response to sea surface temperature
(SST), which is induced by front variability [e.g., Xie et al., 2002; Seo et al., 2007; Minobe et al., 2008]. For
example, Inatsu et al. [2003] showed that storm tracks are sensitive to the latitude of SST variations. A recent
study further discussed an anchoring effect of the SST front on low-level storm tracks and eddy-driven polar
front jets [Ogawa et al., 2012]. Several regional studies have also shown that the seawater temperature field
strongly affects meteorological disturbances [e.g., Yamamoto and Hirose, 2007; Moteki and Manda, 2013].
The importance of the frontal SST gradient has also been demonstrated in many studies [e.g., Nonaka et al.,
2009; Sampe et al., 2010].

The Japan Sea is a semienclosed marginal sea in the Northwest Pacific (Figure 1) that experiences pro-
nounced seasonal atmospheric and oceanic variations. During winter, the strong winter monsoon brings
cold Asian air from the north, resulting in extensive heat loss from the ocean [Dorman et al., 2004]. Mean-
while, the Tsushima warm current (TWC), the major Japan Sea inflow, which comes from the Tsushima Strait,
exhibits minimal volume transport [You et al., 2010]. However, during the summer, a weaker summer mon-
soon transports air from the south, and a larger volume of water is transported by the TWC [e.g., Dorman

et al., 2005; Takikawa and Yoon, 2005].

Numerous studies have shown that the phenomena that occur in the Japan Sea are very similar to those in
the open ocean [e.g., Chu et al., 2001; Gordon et al., 2002; Park and Watts, 2005], including a strong tempera-
ture front, which is known as the subpolar front (SPF) [Park et al., 2007]. In the Japan Sea, this front is
regarded as the primary biogeographical and climatic boundary [Belkin and Cornillon, 2003] of two regions:
a relatively cold, fresh subpolar region and a warm, saline subtropical region. The spatial structure and tem-
poral evolution of the SPF have been investigated in several regional studies [e.g., Chu et al., 2001; Isoda

et al, 1991; Park et al., 2004, 2007]. However, only a few of these studies analyzed SPF variability mecha-
nisms. Isoda [1994] suggested that seasonal SST variations in the Japan Sea are closely related to the forma-
tion of the mixed layer and that the SPF disappears as a result of surface water warming. Choi et al. [2009]
performed several numerical simulations to simulate the variability of SPF on seasonal and interannual
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timescales. They found that the
SPF was strongly affected by wind
stress on these scales. However, a
detailed quantitative analysis of
the SPF remained unaddressed in
these studies.

The goal of this study is to evalu-
ate the seasonal variation of the
SPF and to determine the term in
the thermodynamic equation that
primarily causes SPF frontogene-
sis and frontolysis in the Japan
Sea. The methods and data are
described in section 2. The tem-
poral evolution of the SPF is ana-
lyzed and discussed in section 3.
Section 4 provides a summary of
the conclusions.

2. Materials and Methods

Figure 1. Topographic features and bathymetry (in m) of the Japan Sea. 2.1. Data
Water temperature, salinity, veloc-

ity, and sea surface height data
produced by the Japan Coastal Ocean Predictability Experiment 2 (JCOPE2) ocean reanalysis system are
used in this study. Readers are referred to Miyazawa et al. [2009] for specific details regarding the JCOPE2
system. In addition to temperature, salinity, and horizontal velocity fields, the JCOPE2 provides two types of
surface flux data: shortwave radiation (SW) and the sum of longwave radiation, sensible and latent heat
fluxes (WTSURF). The horizontal and temporal resolutions of the JCOPE2 data set are 1/12° X 1/12° and 1
day, respectively. All data are interpolated to a 1° X 1° grid and averaged over 1 week, as described by Qiu
and Kawamura [2012]. The interpolated and weekly averaged data are used for the mixed layer model
described below; the model results are averaged to climatological monthly mean values.

2.2. Mixed Layer Model

Previous studies have suggested several methods for defining the mixed layer [e.g., Kara et al., 2003; Levitus,
1983; Thomson and Fine, 2003]. In this study, the mixed layer is defined according to a density-based crite-
rion (Gmig =0 er +Aay, where ¢ is calculated using = p-1000). The density difference between the reference
depth and the base of the mixed layer is given by

AO't:|0'(Tret"~'A-’--, Sref7p)'0(Tref75ref7P)|7 (M

where T, is the sea water temperature at the reference depth, which is set to 10 m in this study; p is the
water density; AT is the temperature threshold, which is set to 0.5 K; S,¢ is the salinity at the reference
depth; and P is the water pressure at the sea surface, which is set to 0.

By vertically integrating the energy conservation equation from the base of the mixed layer to the sea sur-
face, the heat budget for the mixed layer can be written as

g:w_u.vr_vu'f—g+res, )
o pocoh h

where h and T represent the MLD and MLT, respectively [Moisan and Niiler, 1998]. The left-hand side is the
MLT tendency (rate of time change). The first term on the right-hand side is the heat flux term; pq is the ref-
erence seawater density (i.e., 1025 kg m~3) and Qugr is the net surface heat flux at the sea surface, including
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both the shortwave radiation and the sum of the long wave radiation, latent heat flux, and sensible heat
flux. Positive heat fluxes indicate that the ocean gains heat. Moreover, ¢, is the specific heat of seawater at
constant pressure (i.e,, 3986 J kg~ ' K™"). The penetrative radiative flux at the base of the mixed layer,
Q(—h), is given by

Q(—h)=Q(0)[Rexp (—h/7;)+(1-R)exp (—h/,)]; (3)

where Q(0) is the shortwave radiation at the sea surface and R, y;, and y, are 0.58, 0.35, and 23, respectively,
which correspond to type | water [Paulson and Simpson, 1977]. The second term on the right-hand side of
equation (2), U - VT, represents the horizontal advection due to the climatological monthly mean current
and temperature, where U is the horizontal velocity vector averaged vertically from the sea surface to the
base of the mixed layer. The third term, V - U'T, is the horizontal eddy term, which is the covariance
between the temperature and horizontal velocity anomalies from the climatological monthly means. The
fourth term, wAT /h, is the entrainment term. The entrainment velocity, w, is given by

oh
E“‘ufh . VI’)‘FW,h7 (4)

w=
where u_y, and w_j, are the horizontal and vertical velocities at the base of the mixed layer, respectively. In
this study, the entrainment velocity is set to 0 during the detraining period. Moreover, AT is the tempera-
ture difference between the mixed layer and the layer just below the mixed layer. The last term on the
right-hand side of equation (2), res, represents the residual term, which includes such processes as horizon-
tal diffusion and vertical shear term; these residual processes are not represented in this study. Readers are
referred to Stevenson and Niiler [1983] and Moisan and Niiler [1998] for details on the mixed layer model.

2.3. Temperature Gradient and its Evolution

Because the meridional gradient in the climatological MLT is much larger than the longitudinal gradient in
the SPF region of the Japan Sea, the gradient magnitude (GM), which was introduced by Kazmin and Rie-
necker [1996], is employed to measure the SPF intensity of

_oar

GM=——
oy’

(5)

where y is the meridional coordinate. The diagnostic equation that describes the temporal evolution of the
GM can be obtained by taking the derivative of equation (2) with respect to y

JOGM 0 QNET_Q(_h) ad 0 It 0
=2 (== UV 2 (U + (V- + =
o ay( o (U V)5 (V- UT)t 5

wAT\ 0
19)% dy

p ay (res). (6)
Figure 2 shows the GM and MLT horizontal distributions in the Japan Sea. Most of the SPF is located in the
region defined by 37.5-41.5°N, 130.5-137.5°E (henceforth called the SPF region), which is represented by a
black box in the figures (e.g., Figure 2). The SPF has a pronounced seasonal variation, strengthening from
November to June and becoming very weak from July to October. The strongest SPF appears in December
and January with a GM greater than 2 K (100 km) " in the central SPF region.

2.4. Data Validation

Although the JCOPE2 reanalysis system assimilates in situ and satellite-based data, we still provide a com-
parison of the JCOPE2-derived SSTs with the satellite-derived synthesis data to ensure the credibility of our
results. In this section, the NOAA Optimum Interpolation Sea Surface Temperature V2 data (OISST) [Reynolds
et al., 2002] are used for data validation. Following algorithm defined above, the weekly 1° X 1° OISSTs and
JCOPE2 SSTs are first obtained. Then, the differences between the JCOPE2 SSTs and OISSTs are calculated
and are subsequently averaged to a climatological monthly mean. As shown in Figure 3, the differences are
relatively small throughout the year.
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Figure 2. GM (color shaded) and MLT isotherms (every 2.5°C) in the Japan Sea. The black boxes represent the SPF region.

3. Results

3.1. Mixed Layer Temperature

The temporal evolutions of the MLD and the MLT (averaged within the SPF region) are shown in Figure 4. In
the SPF region, the MLT increases during spring and summer and decreases in autumn and winter. How-
ever, the MLD is more stable in most months until the onset of the winter monsoon.

Figure 5 shows the horizontal distribution of the MLT tendency term in equation (2). During May and June
in the SPF region, the tendency term in the northern area is larger than that in the southern area. Similarly,
the largest cooling tendency also originates at the northernmost boundary of the SPF region in October.
Furthermore, the cooling effect expands to the entire northern SPF region by late November and exceeds
—1.5 X 10" ®K s~ . This tendency distribution leads to strong temperature gradients, which will be shown
later.

3.2. Temporal Evolution of the SPF

The variation in the GM tendency shows that the SPF weakening period is longer than the strengthening
period (Figure 6). From January to September, the SPF weakens with an average rate of approximately —0.4 X
1077 Ks™' (100 km) ™. In October, the SPF begins to rapidly strengthen. In the northwest SPF region, the GM
tendency becomes very high and exceeds 1.3 X 107 K (100 km) " s~ ', which expands to nearly the entire
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Figure 3. The differences between the JCOPE2 SSTs and OISSTs (K).

SPF region in November. The strengthening magnitude decreases in December and ultimately becomes nega-
tive again in January.

Area averages of the terms in equation (6) within the SPF region are shown in Figure 7a. The analysis here

shows that horizontal advection plays the most important role in maintaining the SPF intensity. Moreover,

the heat flux dominates the weakening of the GM. Entrainment weakens the SPF (Figure 7a) from Novem-
ber to May; however, the

18 ——MLD PR %g maximum entrainment con-
— 20 - = MLT tribution is only —0.3 X107/
é 30 K (100 km)~" s~'. The small-
Qo 40 est term in equation (6) is
3‘ 50 the horizontal eddy term,

38 with a contribution of

approximately —0.2 X 108
K (100 km)~"s™ .

Figure 4. Seasonal variations in the area-averaged MLT and MLD in the central region of the In October, horizontal advec-
Japan Sea (37-42°N, 130-140°E). tion weakens. Meanwhile,
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Figure 5. MLT tendency in the Japan Sea.

the surface flux term becomes positive, indicating that both the horizontal advection and surface heat flux
intensify the SPF, which is different from the SPF weakening period. Consequently, the SPF enters a
strengthening period (Figure 7a). When the horizontal advection term reaches its minimum in December,
the SPF strengthening period ends. Although the contribution of horizontal advection increases again in
January, it does offset the weakening effects until the following autumn. The effect of horizontal advection
is discussed in more detail in section 3.3.

During the 9 month weakening period, heat flux provides the largest contribution to the MLT variation. The
heat flux weakens the SPF nearly all year, especially from late spring to summer (Figure 7a), reaching a max-
imum in May with a value of —2.1 X 1077 K (100 km) ™" s~ '. Compared to the effect of heat flux, all other
terms in equation (6) are small. This situation ends in October because the heat flux contribution suddenly
decreases to approximately —0.3 X 1077 K (100 km) ™' s™".

To determine the cause of the decrease in the heat flux contribution, the heat flux is separated into three
components: shortwave radiation, WTSURF, and penetrative radiative flux (Figure 7b). From January to
March, shortwave radiation does not exhibit any pronounced effects on the SPF. Instead, the WTSURF domi-
nates the SPF weakening effect. However, the weakening effect is relatively small during this period; there-
fore, the SPF remains strong.
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Figure 6. GM tendency in the Japan Sea.

After April, strong shortwave radiation (>200 W m™2) causes strong surface heating (Figure 8). This heating
effect is quite uniform, and the temperature increases rapidly in the entire Japan Sea. In the northern
region, the shallower MLD promotes a more rapid increase in the MLT than in the southern region and the
largest difference is >0.8 X 107° K s~ '. The sharpness of the temperature front at the surface is largely
reduced. As shown in Figure 8, the SPF wakens by >—0.2 X 107°K s ' (100 km) ' due to the shortwave
radiation weakening effect during this period. Moreover, shortwave radiation decreases rapidly (Figure 7b)
and ultimately causes the disappearance of the SPF in the surface mixed layer in summer.

High shortwave radiation and a shallow mixed layer also allow more heat to penetrate into deeper layers of
the water column. As a result, the penetrative radiative heat flux increases (Figure 7b). However, in compari-
son with other fluxes, the increase is too small to offset the weakening effects of shortwave radiation and
WTSURF.

Unlike shortwave radiation, the weakening effect of WTSURF has a steadier tendency during most times of
the year. However, the WTSURF acts to strengthen the SPF in the late autumn. This change balances the
shortwave radiation weakening effect and causes a decrease in the total heat flux contribution.

The MLT used in this study might reflect a substantial effect of data assimilation because the residual term
becomes large relative to the other terms in December (Figure 7a). The effect of SST corrections may be

ZHAO ET AL. ©2014. American Geophysical Union. All Rights Reserved. 1504
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a) o included in the residual terms in
3 - L equations (3) and (6), which pri-

£ 1 - marily be attributed to local air-

8 1 M ' sea heat fluxes. Therefore, the

E 0 | surface heat flux effect might be

= | | stronger than the horizontal

=) Red=GM_TND Blue=ADV Green=SFLX . .

- -3 A Gray=ENTRA Purple=RES Yellow=EDDY advection term in December.

ot However, the main mechanism
JOEMAMJ S ASOND for frontogenesis in fall and win-
b) ter is the change in the dominant

term in the energy balance
between the weakening and the
M r strengthening periods. Specifi-
cally, during the weakening
period, the heat flux cancels the
Red=Sum Blue=SW Green=WTSURF Purple4Q(-h) horizontal advection; however,

1077 K/s100km
o

-3 T S ' o ro during the strengthening period,
JOREMOAMoJJA N D both the heat flux and horizontal
Figure 7. (a) Time series of the terms (averaged over the SPF region) in equation (6). advection intenSify the SPF. The
(b) Contributions of the heat flux components (averaged over the SPF region), including residual term intensifies the SPF

the surface heat fluxes (i.e., SW and WTSURF) and penetrative radiative flux at the base of

throughout the year; however,
the mixed layer, Q(—h).

the magnitude of the residual

term is smaller than the surface

heat flux during the weakening
period. If the entire residual term contributes to the surface heat flux, the sum of the surface heat flux and
the residual terms would decrease the GM during the weakening period. Thus, it is unlikely that the residual
would contradict the primary mechanism discussed here. The residual term also becomes large relative to
the other terms in equation (6) in April, which may be attributed to the imperfect turbulence closure
scheme used in the JCOPE2 system during the shoaling phase of the surface mixed layer [e.g., Noh and Kim,
1999]. However, the sum of the surface heat flux and the residual term is negative, which indicates that
even though the entire residual is due to the surface heat flux, the conclusion that the surface heat flux con-
tributes to the frontolysis of the SPF is not violated.

3.3. Effects of Horizontal Advection

To further analyze the contribution of horizontal advection during the strengthening period, geostrophic advec-
tion, and horizontal Ekman advection (hereafter Ekman advection) are estimated in the SPF region (Figures 9
and 10). The wind data are obtained from the National Centers for Environmental Prediction/National Center
for Atmospheric Research (NCEP/NCAR) reanalysis | data set; the sea surface height (SSH) data are obtained
from the JCOPE2 data set. In the mixed layer, the vertically averaged Ekman velocity can be calculated using

Ue=—7-Xxk, 7)

where t is the wind stress vector, fis the Coriolis parameter, and k is the vertical unit vector. The geostro-
phic velocity in the mixed layer can be obtained using

g

Ug:f

kX Vy, (8)
where 7 is the sea surface height and g is the acceleration due to gravity (i.e., 9.8 m s~ 2). The sea surface

height fields are smoothed in time (weekly) and space (1° X 1°) to avoid unexpected short-term fluctua-
tions before computing the geostrophic velocity.

Beginning in January, horizontal advection slowly increases and reaches a maximum in September. Our
analysis demonstrates that geostrophic advection contributes more than Ekman advection to the total
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Figure 8. Spatial distributions of the mixed layer depth (MLD), the shortwave radiation flux (SW, downward positive), the MLT tendency
due to shortwave radiation (SW_T) and the contribution of the shortwave radiation term in equation (6) (SW_GM).

horizontal advection, accounting for >70% of the horizontal advection term (Figure 9). Ekman advection is

generally small. However, Ekman advection provides some important contributions in September and
October.

Geostrophic advection strengthens the SPF throughout the year (Figure 9). Beginning in spring, geostrophic
advection slowly increases, which is followed by a more rapid increase in summer, preceding the maximum
horizontal advection in September. Although geostrophic advection gradually decreases over the following
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Figure 9. Area-averaged contributions of horizontal advection, geostrophic advection,

and Ekman advection in the SPF region.

4 months (Figure 10), the
strengthening effect remains
strong (0.1 X 107K s~ ' (100
km)~") in the central SPF region.
According to previous studies, the
main geostrophic current is the
branch of the Tsushima current in
the SPF region (38-40°N). The
horizontal maps of # and MLT
indicate strong northward geo-
strophic advection across the
southern extent of the SPF region
and eastward geostrophic advec-
tion near the northern extent of
the SPF region, which indicate the
convergence of the horizontal
heat flux in the SPF region (not
shown). The current velocity

increases from July to September and decreases in winter [Chu et al., 2001]. We believe that the current
plays an important role in the increasing advection contribution that promotes the strengthening of the

SPF.

The contribution of Ekman advection is much smaller than for geostrophic advection throughout most of
the year. Regardless, Ekman advection is important for the SPF. As shown in Figure 9, Ekman advection
accounts for >30% of the horizontal advection in October, which is when the Japan Sea begins transition-
ing to winter conditions [Chu et al., 2005]. In the central part of the SPF region, Ekman advection tendency
is 0.6 X 1077 K (100 km) "' s, Later, as the winter monsoon strengthens, Ekman advection decreases. The
horizontal map also shows that Ekman advection decreases rapidly in the northern SPF region (Figure 10).
However, in the south SPF region, Ekman advection continually strengthens the SPF with a relatively small

but persistent contribution.

4. Summary

In this study, the frontogenesis and frontolysis processes of the subpolar front (SPF) in the surface
mixed layer of the Japan Sea are investigated using oceanic reanalysis data. In the Japan Sea, the MLT
increases from March to August and decreases throughout the rest of the year. Compared with the
southern SPF region (Figure 4), the northern SPF region exhibits larger temperature variations. Unlike
the MLT, the SPF itself experiences a 9 month weakening period that begins in January and shifts to a
strengthening period in October; the strongest SPF appears in December. The maximum strengthen-
ing of the SPF is >1.3 X 1077 K (100 km)~' s™', while the weakening averages only —0.4 X 10”7 K

(100 km)~ ' s,

The analysis in this study indicates that horizontal advection is the main factor that strengthens the SPF.
Horizontal advection provides consistent year-round positive contributions to the SPF that slowly increase
in January and reach a maximum reaching its peak value in September. In October, as the weakening effect
on the SPF subsides, horizontal advection begins to dominate the SPF. Although horizontal advection
decreases after October, it continues to be the predominant factor until the following January. Thereafter,

the SPF experiences a 3 month strengthening period.

Using sea surface height and wind data, the contributions of Ekman advection and geostrophic advection
are evaluated. Geostrophic advection provides the largest contribution to the total horizontal advection.
Although geostrophic advection gradually decreases after September, its strengthening effect remains
strong in the central SPF region. Ekman advection exhibits its largest contribution to the SPF in October.
Afterward, as the winter monsoon becomes stronger, the contribution of Ekman advection decreases and
promotes a weakening of the SPF in the northern region. However, Ekman advection continually strength-

ens the SPF in the southern region.
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Figure 10. Spatial distributions of horizontal advection (H.adv), geostrophic advection (Geo), and Ekman advection (Ek) from equation (6).
Note that the scale of Ekman advection is different from the other terms.

Furthermore, the heat fluxes contribute the largest weakening effect on the GM. When the heat flux
is decomposed into its components, the shortwave radiation component is found to dominate the
other components during the weakening period. Shortwave radiation also provides strong surface
heating during summer, which is the primary cause for the disappearance of the SPF in the surface
mixed layer. Further analysis shows that the WTSURF also promotes the strengthening of the SPF in
October.

Although the analysis in this study provides insights on the mechanisms that determine the seasonal
migration of the SPF, variations on other scales (such as interannual variations) are not included in this
study. Many studies have shown that the TWC experiences interannual variations [e.g., Hirose and Fuku-
dome, 2006; Hirose et al., 2009]; however, its effects on the SPF remain unclear. Detailed analysis of the
interannual variations in the SPF and the TWC effects on the SPF should be a topic of future research
endeavors.
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